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INTRODUCTION 
The economic losses due to diseases In the poultry Industry are 
about 15% of the total value of poultry products In the United States 
and about 20% around the world because of the shortage of vaccines and 
poor environmental control (Biggs, 1982). The main causes of the 
losses can be summarized as follows: 
1. Mortality. 
2. Condemnation of poultry products. 
3. Veterinary costs for prevention and treatment. 
4. Reduced production due to non-lethal clinical and 
subclinical infections. 
5. Reduced genetic progress. 
Many methods have been developed and used to control diseases 
and reduce economical losses. They include the following: 
1. Eradication of infected stocks. 
2. Vaccination against major infectious diseases such as 
Marek's disease, Newcastle disease, etc. 
3. Medication of Infected stocks to reduce losses. 
4. Sanitation and management. 
5. Genetic resistance. 
Genetic resistance is desirable because it has the unique 
property of being inheritable, can probably improve the efficiency of 
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resistance to various diseases when combined with other disease 
control measures stated above, and may reduce other losses, especially 
those caused by subclinical Infections, by Improving general fitness 
and viability. Before genetic resistance can be utilized, however, as 
a disease control method, we must understand the genetic control of 
immune response, which is presumably responsible for the capability to 
resist pathogenic Infections. 
Genetic control of immune response and disease resistance is 
well-established in humans and other animal species (Good et al.. 
1957; Porter, 1957; Flanagan, 1966; Buschmann et al.. 1985). The 
presence of genetic variation in immune response provides the basis 
for improving Immune response and disease resistance by conventional 
animal breeding methods and by molecular genetic techniques. 
The immune system of an individual consists of three major 
facets: phagocytosis, T cell-mediated immunity, and antibody 
response. It Is the coordinated action of the three components that 
enables an individual to resist Infection and disease. Therefore, 
three assays were chosen, one to evaluate each of the three facets of 
the Immune system, in this selection experiment to Improve 
immunocompetence of chickens. The assays were selected to be in vivo 
assays having no deleterious effects, easy, quick, and economical so 
that sufficient numbers of chickens could be evaluated to obtain the 
accurate estimates of genetic parameters needed in a selection 
experiment. 
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A Initial experiment was conducted to test and validate the 
three in vivo assays, to determine the Influence of the Major 
Histocompatibility Complex (MHC) and previous genetic selection on the 
Immunocompetence measures, and to Investigate correlations between the 
three facets of the Immune system. 
The objectives of the selection experiment were to evaluate 
quantitative Immunological parameters Including herltabllltles of, and 
phenotypic and genetic correlations among, Immune response traits 
measured by the In vivo assays; to construct selection Indices 
Incorporating the three major components of the Immune system; to 
study the feasibility of application of an Immune response index 
selection to a commercial breeding program; and to provide genetically 
divergent populations for subsequent testing of correlations of Immune 
response and disease resistance by disease challenge. 
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LITERATURE REVIEW 
Genetic selection for inununocompetence and disease resistance in 
chickens requires a good understanding of the chicken's Immune system 
and techniques of animal breeding. This section will give a brief 
review of the major components of the chicken's immune system, the 
genetic strategies of obtaining general disease resistance in 
chickens, and the development of index selection theory. 
Chicken Immune System Overview 
The immune system of chickens can be divided into three branches 
in terms of mechanisms of defensive functions: phagocytosis, humoral 
immune response, and T cell mediated immunity. The following is a 
brief review of the types of cells involved, the ontogeny and 
differentiation pathway of these cells, and the commonly used in vivo 
and in vitro assays in each branch of the immune system of chickens. 
Phagocytosis 
This defensive mechanism is the immune system's first line of 
defense against invasions by pathogens and any other foreign 
materials. 
Mediators Many types of cells are involved in the process of 
phagocytosis in different parts of body. They can be summarized as 
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follows; 
spleen, thymus and lymph nodes 
central nervous system 
peritoneum 
skin 
connective tissue 
liver 
lung 
Location 
blood 
Name of cell tvoe 
monocytes and neutrophils 
Kupffer cells 
alveolar cells 
histocytes 
macrophages (free and fixed) 
microglial cells 
peritoneal macrophages 
Langerhans cells. 
Ontogeny and differentiation All of these phagocytic cells 
are blood cells at one time or another. They are all derived from 
hematopoietic stem cells of the bone marrow and are of monocytic 
lineage except neutrophils (Klein, 1982). Neutrophils are also known 
as polymorphonuclear cells (PMN) and belong to granulocytic lineage. 
Both granulocytes and monocytes are believed to come from a common 
progenitor cell (Moore and Owen, 1965). 
The differentiation and maturation stages of neutrophils and 
monocytes take place in the bone marrow. Maturing neutrophils and 
monocytes then move into blood circulation. Neutrophils constitute a 
major percentage (60-65%) of all leukocytes, which are also called 
white blood cells (WBC) (Barrett, 1983). They are constantly on the 
move from tissue to tissue, from one area to another in the body. 
Monocytes constitute from 2 to 8% of all leukocytes in the blood. 
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They remain in circulation only for a short time. They then enter 
various tissues and organs and transform into histocytes bearing many 
different names as stated above. 
Important surface markers Monocytes and histocytes usually 
have Fc receptors (for the constant region of antibody molecules), C3b 
receptors (C3b is the product of one of the components of the 
complement cascade), and class I and/or class II antigens of the major 
histocompatibility complex (MHC) on their surface. 
Function The major function of neutrophils is to kill 
foreign pathogens by phagocytosis. Monocytes and histocytes have two 
major functions: phagocytosis of foreign pathogens and processing and 
presentation of foreign antigens in the context of class I or class II 
MHC surface molecules (Rosenthal and Shevach, 1973; Bjorkman et al.. 
1987). This is why they are sometimes also called antigen presenting 
cells (APC). 
In vitro and in vivo assays of Dhaaocvtosis Several methods 
have been developed to isolate chicken macrophages to be used for In 
vitro studies of phagocytosis. Sabet et al. (1977) induced the 
production of peritoneal macrophages by intraperitoneal injection of 
3% Selphadex particles In saline. They showed that a large quantity 
of chicken macrophages can be isolated from peritoneal exudate cells 
three to four days after injection, and that 99 to 100% of these 
isolated cells have phagocytic activity. Chu and Dietert (1989) 
Isolated monocytes from peripheral blood by glass adherence and 
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cultured them In vitro for a period of time. The phagocytic activity 
of the monocytes in culture could be determined by the engulfment of 
sheep red blood cells (SRBC). 
Phagocytic activity of human PMNs have been quantified with 
fluorescence activated cell sorter (FACS) by measuring the amount of 
fluorescent latex beads or bacteria ingested (Bassoe et al.. 1980; 
Dunn and Tyrer, 1981). Hasui et al. (1989) used human whole blood to 
measure phagocytosis of PMNs with FACS and found that bacterial 
Ingestion and hydrogen peroxide production by PMNs were independent of 
the absolute number of PMNs in the sample, making purification and 
adjustment of PMN numbers unnecessary in this type of phagocytic 
assay. This procedure can be easily adopted to assay phagocytic 
activity of chicken macrophages. 
In vivo assays of phagocytic activity have also been developed. 
Glick et al. (1964) used a carbon clearance assay to compare the 
phagocytic ability of normal and bursectomized chickens. The chickens 
were injected with carbon particles (Indian ink) Intravenously. The 
phagocytic ability of chickens was determined as the rate of carbon 
particles being cleared from the blood circulation. In addition to 
measuring the phagocytic activity of monocytes and neutrophils in the 
blood circulation, this assay probably also measures the ability of 
phagocytic cells In the liver, which plays an Important role In 
antitoxic functions. 
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Phagocytosis and disease resistance Phagocytosis plays a 
very important role in disease resistance of chickens. Kodama et al. 
(1979) found that macrophages have inhibitory effects against plaque 
formation induced by Marek's disease virus infection in chicken kidney 
cell cultures. Powell et al. (1983) studied the activity of 
macrophages in relation to Marek's disease of chickens by using a 
phagocytic index in vivo and plaque-inhibiting activity of peritoneal 
macrophages in vitro. They found that infections with Marek's disease 
virus increased both phagocytic indexes and plaque-inhibiting 
activities of peritoneal macrophages, suggesting that the presence of 
Marek's disease virus or viral antigen activates and/or enhances 
phagocytosis of chickens. Chu and Oietert (1989) studied the monocyte 
function of chickens with hereditary muscular dystrophy. They found 
that after short term in vitro culture, monocytes from muscular 
dystrophic chickens had a significantly lower incidence of 
phagocytizing SRBCs than monocytes from control strain chickens. 
Humoral immune response 
Mediator Humoral immune response is mediated by B 
lymphocytes which have the characteristics of production and secretion 
of antibodies. 
Ontooenv and Differentiation B lymphocytes belong to the 
lymphocyte lineage which also arises from the hematopoietic stem cells 
of bone marrow. There are at least five different cell types in the B 
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lymphocyte differentiation pathway: pre-B cells, virgin B cells, 
mature B cells, memory B cells, and plasma cells. 
The pre-B cells are the earliest B cells identifiable. They are 
characterized by the presence of cytoplasmic immunoglobulin M (IgM) 
and lack of membrane bound Ig. Pre-B cells mature into virgin B 
cells, which have IgM on their membrane. They are highly susceptible 
to tolerance induction. When under antigenic stimulation, virgin B 
cells differentiate into mature B cells, which are committed to the 
production and secretion of a particular Ig class (Klein, 1982). The 
sign of commitment is the expression of this Ig class on the cell 
membrane. These cells are on their way to become plasma cells, which 
are the last stage of B cell differentiation. Virgin B cells can also 
differentiate into memory cells, which possess the capacity of an 
accelerated response on the next encounter with the same antigen. 
Differentiation of B cells takes place in the bursa of 
Fabricius. The bursa is a unique organ, found only in birds, and 
arises at day 5 of embryonic life (Toivanen et al.. 1981). Its 
removal during early embryonic development (up to day 17 of 
incubation) induces severe agammaglobulinemia and prevents the bird 
from mounting an humoral immune response to any immunizing antigen 
(Glick et al.. 1956; Cooper et al.. 1969). Hematopoietic stem cells 
(prebursal stem cells) colonize the bursa from blood circulation from 
day 8 to 14 of incubation (Moore and Owen, 1965, 1967). They migrate 
through the bursal mesenchyme where they may give rise to 
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granulocytes. When they reach the epithelium of the bursa, they 
Induce the formation of bursal follicles (Houssaint et al.. 1976). 
Inside each follicle, the stem cells (bursal stem cells) proliferate 
and differentiate and give rise to a population of cells bearing IgM 
on their surface. Bursal development Involves two phases: (1) the 
Intraembryonic phase, which Includes the colonization and the growth 
of about 10^ bursal follicles by expansion of their B cell clones and 
(2) the post hatching period, which Includes the seeding of bursal 
cells to the periphery lymphoid organs and the continuous expansion of 
the bursal follicles. By 4 weeks of age, a sufficient number of stem 
cells has migrated out of the bursa as postbursal stem cells, thus 
Installing the mature chicken B cell Immune system In the periphery 
(Tolvanen and Tolvanen, 1973). At this stage, B cells can no longer 
be generated from an early multlpotent stem cell because the bursa has 
begun to evolve and decrease In size and can no longer provide the 
microenvironment for the early proliferation and differentiation 
(Weill and Reynaud, 1987). In adult chickens, B lymphocytes are found 
in bursa, blood, peripheral lymphoid organs such as lymph nodes and 
spleen, and other lymphoid tissues. 
Important surface markers Mature B cells have several cell 
surface antigens. The most characteristic marker on B cell is the Ig 
molecules, which can be detected by anti-Ig antibodies. The most 
predominant surface Ig class is IgM. Other classes includes IgD (Chen 
et al.. 1982), IgG, and IgA. MHC class II antigens (la antigen) are 
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expressed on B lymphocytes, which play a very Important role In 
regulating antibody production to T cell dependent antigens. B 
lymphocytes also have complement receptors (C3b) and Fc receptors. 
Function The main functions of B lymphocytes are to produce 
antibody, to provide immunological memory by memory B cells and to 
present antigens by surface Ig to other Immune cells. 
In vivo and in vitro assays The humoral immune response can 
be measured by several in vivo and in vitro assays. The most commonly 
used in vivo assay is to challenge a chicken with one or more 
antigens, and then measure the production of specific antibodies to 
the antigens. The presence of a specific antibody in the serum of the 
chicken can be determined by hemagglutination, immune precipitation, 
and complement fixation assays, and enzyme-linked immunosorbant assay 
(ELISA). ELISA is probably the most popular assay used today because 
of its sensitivity in detecting specific antibody and its ability to 
quantify the antibody. 
The in vitro measurement of antibody producing cells can be 
accomplished by Jerne's plaque forming cell assay (1965), in which the 
number of B cells that produce specific anti-SRBC (sheep red blood 
cells) antibody can be visualized under a microscope and counted. 
Cell-mediated immunitv 
Mediator T lymphocytes are the major cell type Involved in 
cell-mediated Immune response. 
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Ontogeny and differentiation T lymphocytes belong to the 
lymphocyte lineage and are also originated from the same hematopoietic 
stem cells as macrophages and B cells (Klein, 1982). The 
differentiation pathway of T lymphocytes can be divided into three 
phases: prethymic, thymic, and postthymic. 
In the prethymic phase, lymphocyte progenitors, which are 
produced by stem cells, migrate into the thymus from the blood 
circulation. Most of the migration takes place during embryonic and 
early postnatal life. In an adult, the number of progenitor cells 
entering the thymus declines gradually with age (Ford, 1966). 
The thymic phase of T cell differentiation starts with the entry 
of T progenitor cells into thymus. They enter the thymus by crawling 
between endothelial cells of post capillary venules in the medulla and 
the corticomedullary junction. Only the progenitor cells are allowed 
to enter. Once they are in, they can not get out until the 
differentiation process has been completed. The progenitor cells form 
follicles and proliferate and differentiate in the thymus into T 
lymphocytes. But the thymus is like a black box and many details of 
the differentiation process are still in question, except that the 
process requires thymic hormones (Goldstein and Audhya, 1984) and the 
class I and class II MHC antigens of epithelial cells of the thymus 
play a very important role in educating T lymphocytes to recognize 
foreign antigens in the context of the individual's own MHC class I or 
class II molecules (Owen and Ritter, 1969). During this educational 
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period, the T cell receptor (TCR) genes of T lymphocytes are 
rearranged and the self reactive (recognize self-antigens) T 
lymphocytes are eliminated In the thymus. 
Once the T lymphocytes reach a certain stage of differentiation, 
they can leave thymus and enter Into blood circulation. The exiting 
of T lymphocytes Is also selective and unidirectional like the 
entering of the progenitor cells. Mature T lymphocytes that have left 
the thymus can be further divided Into several subclasses according to 
their surface antigens: T helper (Th) cells, which are cellular 
differentiation antigen 4 (CD4) positive; T suppressor (Ts) cells, 
which are CD8 positive; and cytotoxic T cells (Tc), which are also CDS 
positive (David and Bjorkman, 1988). 
Important surface markers T lymphocytes have other cellular 
differentiation antigens such CD3 complex, Th-1 and Ly-4 alloantigens 
(Gilmour et al.. 1976; Fredericksen et al.. 1977) besides CD4 or CDS. 
They also have TCR and MHC class I molecules. About 10% of 
circulating T cells in chickens also have MHC class II molecules on 
their surface (Ewert et al.. 1984; Hal a et al.. 1984). 
Function T lymphocytes have two major functions: regulation 
of humoral and cell-mediated immune response, which is accomplished by 
Th and Ts, and recognition and destruction of self-cells which have 
been altered (for example by virus Infection) to the extent that they 
are recognized as nonself by the T lymphocytes, which is accomplished 
by Tc. 
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Studies In the mouse showed that the TCR of Th cells, like 
antibody, can recognize millions of different antigens In the context 
of MHC class II molecules presented by the APCs (Marrack and Kappler, 
1987). Once Th cells are stimulated by any antigen, they undergo 
differentiation and synthesize and secret lymphoklnes [such as 
Interleukln I and II (III and IL2)] which are soluble factors and can 
stimulate the differentiation and proliferation of T cells (Including 
the Th cell Itself), B cells and other Immune cells, therefore enhance 
the Immune response to the stimulating antigen. The TCR of Ts cells 
also recognize foreign antigen In the context of MHC class II 
molecules. But Instead of enhancing the immune response like Th 
cells, these Ts cells suppress Immune response (Klein, 1982). The TCR 
of Tc cells recognize foreign antigens In the context of MHC class I 
molecules of ARC or allogeneic class I molecules (Marrack and Kappler, 
1987). Tc cells kill target cells by direct contact with them or 
through soluble factors. 
Chicken T cell receptors have been identified with monoclonal 
antibodies (mAb) which specifically recognize T cell surface molecules 
resembling mammalian TCR (Sowder et al.. 1988; Chen et al.. 1988; 
Cihak et al.. 1988). These mAbs have also been shown to inhibit 
mitogen-Induced T cell proliferation and cytotoxic activity of 
allosensitlzed T cells in a dose dependent manner (Cihak et al.. 
1988). These data suggest that the molecular structures and functions 
of the chicken TCR are very similar, if not identical, to their 
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mammalian counterpart. 
In vivo and in vitro assays In vivo T cell-mediated Immune 
response can be measured by direct viral challenge experiment or by Jn 
vivo mitogen stimulation. Many In vitro assays have been developed to 
measure T cell-mediated Immune responsiveness, such as the mixed 
lymphocyte reaction, T cell cytotoxicity assay, and in vitro mitogen 
stimulation assay. Th cell function can also be measured by IL2 
production, in which the amount of IL2 secreted is determined by the 
ability of the condition medium to stimulate proliferation of 
lymphocytes fKromer et al.. 1984; Knudtson and Lamont, 1989). 
Strategies of Obtaining General Disease Resistance 
Definition of disease 
Disease, according to the Webster's dictionary (1987), is a 
condition of an individual or one of its parts that impairs the 
performance of a vital function. Diseases can be divided into two 
categories based on their causes. The first type of disease Is caused 
by malfunction resulting from genetic, physiological, or biochemical 
defects of the body. These diseases usually appear without 
interaction with the environment. The second type of disease is 
caused by infection by foreign pathogens, which invade and damage 
certain parts of the body and alter the normal function. The 
environment is always involved in this type of disease process. It is 
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resistance to this type of diseases that Is going to be addressed In 
this study. 
Genetic strategy 
There are two basic approaches to the genetic strategy of 
identifying general disease resistance (Crittenden, 1983). 
Ma.ior genes The first approach is to study the effects of 
major genes that influence the Immune system or disease resistance. 
For example, the MHC genes and their products, associated with the B 
blood group locus in chickens (Schierman and Nordskog, 1961; 
Longenecker and Nosmann, 1981; Hal a et al.. 1981; Guillemot et al.. 
1988), play an essential role in the regulation of immune response and 
are some of the best candidates for this type of study. The functions 
of MHC in chickens are similar to those of mouse and man. The MHC 
controls skin graft (Schierman and Nordskog, 1961), cellular 
communications between B cells, T cells, and APCs (Vainlo et al.. 
1983), and cytotoxic reaction of T cells with virus infected and/or 
transformed cells (McCubbin and Schierman, 1986; Schierman and 
Collins, 1987). MHC of chickens has been found to be associated with 
resistance to Marek's disease (Cole, 1968; Steadham et al.. 1987) and 
Rous sarcoma virus Induced tumors (Collins et al.. 1985), to 
Pasteurella muHocida infection (Lamont et al.. 1987), and to parasite 
avian coccidium Eimeria tenella challenge (Clare et al.. 1985). Bloom 
et al. (1988) studied the dosage effect of MHC in chickens using 
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aneuploid chickens with 2, 3, or 4 copies of MHC and rRNA genes. They 
found that although rRNA gene expression in aneuploid cells was not 
significantly different from diploid cells, the MHC class II gene, 
expression was dosage dependent, meaning cells with higher copy number 
of MHC genes expressed higher amount of class II molecules on their 
surface. Some deleterious effects of increasing MHC dosage were also 
observed in bursa development. Trisomies and especially the 
tetrosomics showed higher mortality within the first few weeks after 
hatching, reduction in growth and reproduction, and agitation upon 
normal handling. 
Other possible candidates include the immunoglobulin gene family 
(Weill and Reynaud, 1987) and TCR genes. These genes have similar 
structures and encode similar molecules on the cell surface (Ig on B 
cells and TCR on T cells) which are involved in the recognition of 
foreign pathogens. 
Selection The second approach to the study of genetics of 
disease resistance is to select for one or more traits or phenotypes 
that are associated with immune responsiveness and disease resistance. 
Selection for disease resistance can be accomplished in the following 
two ways. 
Direct selection for disease resistance This selection 
can be direct, meaning that the breeding stock of chickens are 
directly challenged with pathogenic agents and survivors or more 
resistant chickens are selected as breeders; or indirect, meaning that 
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the disease challenge Is on siblings or progeny of the breeding stock 
(Gavora et al.. 1983 and 1986). This type of selection is useful in 
the case where one disease has a overwhelming economical Importance 
such as Marek's disease. This has been demonstrated by the classical 
experiment of Cole (1968), who successfully selected for high and low 
resistance to Marek's disease in chickens. Nevertheless, It would be 
difficult, if not impossible, to select for specific resistance to 
many diseases. 
Selection for immune response The capability of 
disease resistance is directly associated with an Individual's Immune 
system, which is responsible for protecting the individual from the 
invasion of foreign pathogens. The immune system of an individual 
consists of three major components, as reviewed in the previous 
section. Each of the three components Is under polygenic control 
(Blozzi et al.. 1982; Mouton et al.. 1988; Ibanez et al.. 1988). 
Therefore, selection for immune response should include all of the 
three components of the immune system. 
Genetic variation in Immune response 
The prerequisite of genetic selection for immunocompetence is 
the presence of genetic variation in the Immune system, which has been 
well-demonstrated In chickens. One of the model systems used for 
genetic analysis of humoral immune response is the SRBC antibody 
response. SRBC has the advantage of being a complex nonpathogenic T-
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cell dependent antigen. Van der Zljpp and Leenstra (1980) measured 
the total, mercaptoethanol (2-ME) sensitive, and 2-ME resistant titers 
against SRBC at day 3, 7, 10, and 13 post Injection In white Leghorn 
chickens and estimated the herltablllty of the measurements to be 
between 0 and 0.5 for a11 parameters. In another study of the 
chicken's primary and secondary humoral Immune response to SRBC, van 
der Zljpp et al. (1983) found genetic correlations between total 
antibody titers after primary and secondary Immunizations tend to be 
negative on days 5, 7, and 10 post-secondary Injection. No 
significant correlations were observed between antl-SRBC antibody 
response on days 3, 7, and 14 post-Injection and PHA wingweb response, 
which Is a measurement of cell-mediated Immunity (van der Zljpp, 
1983). Commercially available vaccines are often used as another 
antigenic system to study humoral Immune response In chickens. Gyles 
et al. (1986) Immunized six breeding groups of chickens with Newcastle 
disease virus vaccine (ND), infectious bronchitis virus vaccine (IB), 
infectious bursal disease viral agent (IBD), SaTmonella puHorum 
antigen (P), and SRBC. They found significant differences between 
breeding groups for antibody response to ND, IB, P and SRBC. The 
herltabllltles of antibody titers to these antigens were estimated to 
be from 0 to 0.58. 
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Selection for antl-SRBC response 
In mice The first attempt to select for antibody response to 
SRBC was carried out by Biozzi et al. (1979 and 1982). They used a 
bidirectional selection method to select for high and low anti-SRBC 
antibody and established high and low responder (HR and LR) lines 
based on anti-SRBC titers. They found the interline differences 
(between HR and LR) in one experiment reached 220 fold after 16 
generations of selection and estimated the number of independent loci 
which control the anti-SRBC response to be from 9 to 11. The serum Ig 
concentrations of HR were significantly higher than that of LR with or 
without immunization. The difference became even greater after 
immunization. Their results also demonstrated that although the 
phagocytic activities of the HR and LR were similar, the fate of the 
ingested antigens differed in the macrophages of the two lines. The 
macrophages of LR exhibited a higher catabolism of antigens, which 
shortened the time of interactions between the antigens and immune 
system, than the HR line so that the antigens were cleared from the 
body before the immune response can develop. T cell-mediated immune 
response was also studied and no correlation was found between humoral 
immune response and T cell-mediated immunity. 
In chickens Similar bidirectional selection for high and low 
antibody response to SRBC 5 days post immunization and for persistence 
and nonpersistence of anti-SRBC antibodies between 5 and 21 days post 
immunization was conducted in chickens (Siegel and Gross, 1980). The 
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response to divergent selection for high and low 5-day antibody titers 
was consistent with the findings in mice (Biozzl et al.. 1972). 
Selection for persistency of antibody response to SRBC was also 
successful. However, there was no response to the selection for lack 
of persistency. Disease challenge studies showed that chickens 
selected for high antibody titer to SRBC were more resistant to 
Newcastle disease, Mycoplasma galliseptlcumt Eimeria necatrix^ 
splenomegl1 a virus, and feather mites, but less resistant to 
Escherichia coli and Staphylococcus aureus Infections than chickens 
selected for lower antibody titers (Gross et al.. 1980). These 
results suggest that chickens selected for antibody titers alone may 
not necessarily be more resistant to all infectious pathogens. 
Selection for antibody response to other antigens 
Salmonella pullorum A similar divergent selection experiment 
was also carried out using 5. pullorum antigen in a population with 
uniform MHC haplotype (Pevzner et al.. 1981). The maximum divergence 
between high and low responder lines was achieved in the third 
generation of selection. 
Newcastle disease virus and E. coli Pitcovski et al. (1987) 
selected for high and low early antibody response to Newcastle disease 
(ND) virus vaccine and E. coli. Early immunocompetency is especially 
Important in the neonatal period of a chicken's life because they are 
most vulnerable to various pathogenic infections. After 4 cycles of 
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selection, they found that the average antibody response to f. coll 
and ND vaccine of the high responder line (EH) exceeded that of the 
low responder line (EL) by 68%. The humoral Immune response of EH 
also developed earlier than that of EL, manifested by fewer 
nonresponders against f. coli and higher antibody response to other 
antigens at a young age. Mortality after challenge at 18 days of age 
and general mortality from hatch to 20 weeks of age were also found to 
be lower In EH than In EL. 
Method of index selection 
Selection index was first developed by Smith (1936) by using 
Fisher's discriminant function (1936) in selection for plant lines. 
Hazel (1943) extended the index procedure for selecting individuals in 
animal populations. A significant contribution of Hazel's 1943 paper 
was that he defined a method to estimate genetic variances and 
covariances, which are required to derive the selection index, and the 
aggregated genotype, which is a linear combination of genetic values 
weighted by the corresponding relative economical values. Hazel and 
Lush (1942) compared relative efficiency of tandem selection, 
independent culling levels and index selection when the traits 
involved are Independent. They showed that index selection is the 
most efficient. Young (1961) evaluated relative efficiency when the 
traits are correlated and concluded that index selection is at least 
as efficient as independent culling levels which, in turn, is at least 
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as efficient as tandem selection. He further found that relative 
efficiency depends upon number of traits selected, relative economic 
values of the traits, heritabilities, genetic and phenotypic 
correlations between traits, and selection intensity. 
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MATERIALS AND METHODS 
Genetic Analysis of Inununocompetence Measures 
In a White Legorn Chicken Line 
Animals 
The Iowa State University (ISU) SI White Leghorn chicken line, 
bred and maintained at the Iowa State University Poultry Science 
Research Center, was used in this study. This line originated from 4 
commercial lines in 1960s and has been used in several immunogenetlcs 
studies (Nordskog fit âiî.» 1973; Pevzner fit aL,, 1978, 1981; Lamont et 
al.. 1987; Steadham et al.. 1987). It is partially inbred with an 
overall inbreeding coefficient of about 40% (Nordskog and Cheng, 
1988). The SI line was maintained in 8 sublines with deliberate 
segregation for the serologically detectable erythrocyte antigen B 
(Ea-B) alleles (B^B^ or B^^B^®), antibody response to the random 
synthetic amino acid polymer, glutamic acid-alanine-tyrosine (GAT) 
(High or Low), and response to Rous sarcoma virus-induced tumors (RSV) 
(progresser or regressor). The Ea-B was Identified in all breeders by 
microhemagglutination with alloantisera. Humoral immune response to 
GAT was determined by radioimmunoassay (Pevzner fii âL.» 1978). 
Response to RSV tumors was evaluated in sibs of breeders after 
inoculation with Bryan high-titer subgroup A RSV. The eight sublines 
represent all possible triple homozygous genotypes for the three loci. 
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A total of 450 birds sired by 2 to 5 sires per subline was used. 
Chickens were kept In Individual cages with free access to food and 
water during the experiment. 
In yM assays 
Three in vivo assays were used to evaluate the immunocompetence 
of the chickens. These assays were selected on the bases of the 
following criteria: they must be in vivo assays and have no 
deleterious effects because after the chickens were evaluated, 
breeders would be selected from the population and would be used to 
breed the subsequent generations. They must be easy to do and the 
results could be obtained quickly, and they also needed to be 
economical so that a sufficient numbers of chickens could be evaluated 
to obtain accurate estimates of the genetic parameters needed In the 
construction of selection index. 
ELISA assav An enzyme-linked immunosorbant assay (ELISA) was 
used to evaluate antibody responses to Pasteurella multocida (PM) 
vaccine (FC bacterin), Mycoplasma galllsepticum (MG) vaccine (MG 
bacterin), and Infectious bursal disease virus (IBD) vaccine (Bursine-
K) (Salsbury Lab). These vaccines were administered sequentially (in 
the order listed) at intervals of 1 week beginning at 6 weeks of age. 
The FC bacterin was Injected subcutaneously while MG bacterin and 
Bursine-K were Injected intramuscularly. Blood samples were collected 
before vaccination and at 3 weeks after immunization. Commercial 
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ELISA test kits (Agritech) were used, per manufacturer's instructions, 
to determine the antibody levels to each vaccine antigen. Antibody 
levels were expressed as sample to positive (S/P) ratios: 
sample mean - negative control mean 
" positive control mean - negative control mean , 
which would correct for the results obtained from different plates at 
different times because the S/P ratios were relative to the same 
control. Based on manufacturer's information, an S/P ratio of greater 
than 0.2 for anti-PM (a-PM) and anti-IBD (a-IBO) was considered 
positive, and an S/P ratio of greater than or equal to 0.5 for anti-MG 
(a-MG) was considered positive. 
Carbon clearance assay The carbon clearance assay (Glick gt 
al. 1964, Lamont, 1986) was used to evaluate in vivo phagocytic 
activity of chickens and was carried out from 20 to 25 weeks of age. 
The supernatant fraction (3000g for 30 min) of India ink (Pelikan, 
Cll/1431a, Gunther Wagner) was injected Into the brachial vein of 
birds at a volume of Iml/kg body weight. A 100-pl sample of blood was 
collected from the opposite wing before and at 3 and 15 min after the 
carbon injection and transferred immediately into 2 ml of 1% sodium 
citrate. The samples were then centrifuged at 50g for 4 min. The 
relative amount of carbon remaining in the supernatant of the samples 
was estimated by spectrophotometric determination of the absorbance of 
the samples at 675 nm wavelength, using the samples collected before 
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carbon Injection as zero values. Density readings were converted to a 
logarithmic scale (Ln). The phagocytic index (PI) was calculated as 
the negative of the slope of the line determined by the absorbance and 
time, 
Ln(OD of 3 min.) - Ln(OD of 15 min.) 
PHA winoweb assay The phytohemagglutinin (PHA) Injection 
assay was used to evaluate In vivo T cell-mediated immune response of 
chickens during 26 to 30 weeks of age (van der Zijpp 1983, Lamont and 
Smyth 1984). Birds were injected intradermally in the wing web of the 
unhanded wing with 1 mg PHA-P (Difco) in 0.1 ml PBS. The control wing 
received 0.1 ml of Phosphate Buffered Saline (PBS). The thicknesses 
of the wing webs were measured by a micrometer before and 24 hours 
after injection. The wing web swelling (WS) (in millimeters) was 
calculated as the difference between the thicknesses of the wing web 
before and after injection. The wing web index (WI) was determined as 
the difference in millimeters (mm) between the WS of the PHA-injected 
and control wing. 
Qâlâ analysis 
Analysis gf variances Analysis of variance (ANOVA) and 
Duncan's multiple-range test were used to analyze the data (Steel and 
Torrie, 1980). The model for testing the effects of sublines, sire 
family, and sex was: 
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Yljkl " P + "i + Sfj + Ck + (1) 
where Y was any of the 5 observations (a-PM S/P, a-MG S/P, a-IBD S/P, 
PI, and UI) of an individual, n was the population mean, H represented 
the sublines, S the sire family, C the sex of the individual, and e 
the random error with mean zero and variance a^. 
The model for testing the effect of previously selected Ea-B 
blood type, antibody response to GAT, and response to RSV-induced 
tumors was: 
Yijkl - P + D, + Ej + Fk + DE^j + DF,k tEFj^ +DEF^j,^ + e^jk, (2) 
where Y, fi and e were the same as in (1), D was the effect of Ea-B 
blood type, E was the effect of GAT response, and F was the effect of 
response to RSV-induced tumors. The effects DE, DF, EF, and DEF 
represented the interactions of the three main effects. 
Phenotypic correlations among the immunological traits were also 
calculated according to Steel and Torrie (1980). 
Estimates gf genetic parameters fey variance components. 
ANOVA and Maximum Likelihood (ML) methods (SAS User's Guide, v5 
edition, 1985) were used to estimate the variance components of the 
Immunological traits. The model was: 
Yijkl " * + "i + Sjj + Djjk + (3) 
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where Y, m and e were the same as In (1), H was sublines, S was sire 
family, and D was dam family. 
Heritability of each trait was calculated from the sire 
component by the following: 
hZ ^ • (4) 
«S + ffj + 
the h^ represented heritability, a^, aj, and represented the 
variance components of sire, dam, and random error, respectively. 
Covariance component of two traits, such as x and y, were 
estimated as: 
a . ^(x+y) ' *x - *y , (5) 
xy 2 
the Cy and a\ were the variance components of the traits x and y, X J 
respectively, a was the covariance component of the two traits and 
xy 
''{x+y) the variance component of the sum of the two traits. 
The genetic correlation of the two traits was then calculated as 
follows: 
• -A-
^xy "x y 
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Genetic Selection for Immunocompetence In Chickens 
Animal; 
The Ottawa Strain 7 chickens from the Animal Research Center, 
Agriculture Canada at Ottawa, Canada (courtesy of Dr. Wayne Falrfull) 
were used In the selection experiment. This strain was originated 
from four widely used commercial stocks of White Leghorn chickens in 
North America and was used as the control strain for long-term 
selections for egg production, Marek's disease (MD) resistance, and 
egg production and MD resistance combined (Gowe âL., 1973; Gavora 
fii âli.» 1977; Gowe and Falrfull, 1980). 
This strain was chosen as the base population for the selection 
experiment because: 
1. The population is well-characterized in egg production, 
egg weight, egg quality traits, sexual maturity, body weight, 
fertility and hatchability, and resistance to specific diseases 
(Gavora et âL.» 1977; Gowe et aL., 1973; Spencer gt aK, 1979; 
Sibbald, 1979; Grunder et ils., 1972; Crittenden et aL., 1979; 
Hamilton et âL.» 1979; Rodda ei âL» 1977). 
2. It is a large random breeding population which can 
provide greater genetic variation than the ISU SI line so that 
the selection could be more effective. 
3. The original Ottawa Strain 7 chickens can serve as a 
control for the selection experiment so that the cost of 
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maintaining a local control can be eliminated. They can be 
brought to Ames and compared with the selected lines under the 
same environment when needed. 
In vivo assays 
The same three In vivo assays used in the preliminary study on 
the ISU SI line were utilized in the selection experiment with one 
modification to the procedure of carbon clearance assay, in which the 
blood samples were collected 1 minute and 5 minutes after the 
Injection of the ink. This was necessary because the modified 
procedure gave a better estimate of the PI (data not shown). The IBD 
virus vaccine was not used in the ELISA assay of determining antibody 
production because the vaccine was not effective in Inducing a-IBD 
antibody response. 
In vitro assavs 
Three in vitro assays were selected to evaluate each of the 
three facets of the immune system. They were compared and correlated 
with the three in vivo assays to evaluate and understand the nature 
and effectiveness of these in vivo assays in assessing immunological 
functions. 
Plague forming cell fPFC) assay The PFC assay was used to 
evaluate the in vitro antibody response of chickens to SRBC by 
counting the number of B cells, which produced specific anti-SRBC 
32 
antibody, present In a sample of peripheral blood after the chicken 
had been Immunized with SRBC (Jerne and Nordin, 1963). Chickens with 
a higher number of specific anti-SRBC producing B cells were 
presumably better responders to the Immune challenge and should have 
higher antibody levels In circulation. The procedure of the RFC assay 
is as follows: 
1. Chickens were immunized with SRBC (0.5 ml packed) 
intravenously 3 times at one week Intervals. 
2. One week after final immunization, a 5 to 10ml blood sample 
was collected by heart puncture from each bird in a 10ml syringe 
with heparin (200IU/ml). 
3. White blood cells (WBC) were separated from erythrocytes by 
centrifugation (60g, 10 minutes); washed three times with RPMI 
1640 culture medium; resuspended in 2ml of RPMI 1640 culture 
medium; WBC were counted with a hemacytometer and adjusted to a 
final concentration of IxlO^cells/ml. 
4. SRBCs in A1sever's solution were washed 3 times with RPMI 
1640 culture medium and resuspended to a 5% SRBC solution. 
5. One hundred /il of WBC suspension, lOOpl of 5% SRBC 
suspension, and lOpl of chicken complement were mixed together 
and loaded to a hemocytometer. 
6. The hemocytometer was then put into a moisture chamber (a 
culture dish with wet towel on the bottom) and incubated at 40°C 
for one and one-half hour. 
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7. The number of plaques In the graded area of the 
2 hemocytometer was counted (total area 9mm } under a microscope. 
SRBC Dhaaocvtosis assay The SRBC phagocytosis assay was used 
to evaluate the phagocytic activity of monocytes of chickens (Chu and 
Dietert, 1989). The procedure of the assay Is as follows: 
1. Five to 10ml of blood sample was collected by heart puncture 
from each bird in a 10ml syringe with heparin (200IU/ml). 
2. White blood cells (UBC) were separated from erythrocytes by 
centrlfugatlon (60g, 10 minutes), washed one time with RPMI 1640 
culture medium, resuspended In 2ml of supplemented RPMI 1640 
culture medium (10% fetal bovine serum and 1% penicillin-
streptomycin). The WBC were counted with a hemocytometer and 
adjusted to a final concentration of 7.5xl0^cells/ml. 
3. One ml of WBC suspension was loaded onto a tissue culture 
chamber slide and Incubated at 40°C with 5% CO2 for I hour to 
allow monocytes to adhere to the glass surface of the slides. 
4. The tissue culture chamber was then washed gently with 0.75% 
sterile saline three times to remove non-adherent cells. 
5. One ml of supplemented culture medium was added to the 
chamber after washes. The culture was then Incubated at 40*C 
with 5% COg for 48 hours. 
6. The tissue culture chamber was washed again with 0.75% 
sterile saline. 
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7. One ml of 2% SRBC suspension In supplemented culture medium 
was added to the culture chamber and Incubated at 40°C with 5% 
COg for one hour. 
8. The tissue culture chamber was washed with 0.75% saline 
several times and 1 to 2 ml of methanol was added for 5 to 7 
minutes to the chamber to fix the cells. 
9. The slide was then air dried and stained with Glemsa stain 
(1:20 dilution) for 30 minutes and then, rinsed with dHgO and 
air dried. 
10. The percentage of monocytes which had engulfed the SRBC was 
determined by counting 100 monocytes on each slides under 
microscope. 
Mitogen stimulation assay The mitogen stimulation assay was 
used to measure the T-cell mediated Immune response (van der Zljpp, 
1983). The rate of proliferation of lymphocytes In culture stimulated 
by PHA-P was measured by the amount of incorporation of 3-(4,5-
d1methyl-thiazol-2-yl)-2,5-diphenyl tetrazollum bromide (MTT) 
(Mosmann, 1983) by the lymphocytes determined by the optical density 
(OD). The rate of proliferation of T cells by mitogen stimulation is 
an indication of the ability of these T cells to respond to antigen 
challenge. The procedure of the mitogen stimulation assay is as 
follows: 
1. Five to ten ml of blood sample was collected with a syringe 
containing 2001u/ml heparin by heart puncture. 
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2. White blood cells (WBC) were separated from erythrocytes by 
centrlfugatlon (60g, 10 minutes), washed one time with RPMI 1640 
culture medium, and resuspended In 2m1 of supplemented RPMI 1640 
culture medium (1% L-g1utam1ne and 1% penicillin-streptomycin). 
WBC were counted with a hemocytometer and adjusted to a final 
concentration of 6xl0^cel1s/m1. 
3. PHA-P stock solution was diluted to 0.08%, 0.04%, and 0.02% 
(8, 4, and 2pg/ml, respectively). 
4. One hundred nl of diluted PHA-P solution and lOO/il of WBC 
suspension was added to a 96 well flat bottom culture plate in 
triplicate. One hundred /il of culture medium and lOOpl of WBC 
suspension was added to the control wells in triplicate. 
5. The cell culture was Incubated for 72 hours at 40°C with 5% 
COG. 
6. Three hours before the termination of culture, 20/il of MTT 
solution (lOmg/ml In culture medium) was added to each well. 
7. At the completion of the culture period, lOOpl of 
supernatant was carefully removed from each well. One hundred 
Hl of acid isopropanol (40 ml IN HCl in IL isopropanol) was 
added to each well. 
8. The culture plate was then put on a shaker until all 
crystals in the wells were dissolved. 
9. The OD of the solution in each well was determined by an 
ELISA reader with 570nm filter within 60 minutes using culture 
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medium plus MIT as a blank. 
Mâ analysis 
Heritabilitv estimation Heritabilities of immunological 
traits were estimated from the paternal half sib method and parent-
offspring regression method (Falconer, 1981). 
From variance components Equation (4) was used to 
calculate the heritabilities of immunological traits of the first 
generation (base population). For subsequent generations, 
heritability were calculated as 
4a: 
+ 'I 
(7) 
The variance components were estimated by both ANOVA and ML 
(REML, restricted maximum likelihood, was also used when possible) 
methods (SAS User's Guide, V5 edition, 1985). 
The model for the first generation was 
Yljk - M + + D.j + e,jk (8) 
Where Y was one of the observations (a-PM S/P, a-MG S/P, PI, or WI), ft 
and e were the same as in (1), S represented the sire effect, and D 
the dam effect. 
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The model for the combined data of first and second generations 
was 
Yljk " P + G, + S,j + e,jk (9) 
Where Y, /k, S, and e were the same as In (8) and G represented effect 
of generation. 
The model for the combined data of second and third generations 
was 
Yijkl " P + G, + L,j + (10) 
Where Y, /i, G, S, and e were the same as In (9) and L represented the 
effects of sublines (IH, IL, 2H, and 2L). In all cases, sires were 
assumed unrelated. 
From parent-offspring regression Herltabllltles of the 
Immunological traits was also estimated by regression analysis of 
offspring on parents of the same trait. 
Where h? was the herltablllty of 1th trait; was the regression 
coefficient of the means of the offspring on dams or sires of the ith 
trait. The regression coefficients were obtained by the General 
Linear Model Procedure of SAS (SAS user's guide, V5 edition, 1985). 
Family data from the first two generations were used In this analysis. 
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PhenotVDic and genetic correlations Phenotypic correlations 
and variance and covariance matrices of immunological traits measured 
by in vivo assays were calculated for the base population and for the 
combined data sets of the first two generations and the second and 
third generations. Phenotypic correlations between in vitro assays 
and between jji vivo and in vitro assays of base population were also 
calculated (SAS user's guide, V5 edition, 1985). 
Genetic correlations of in vivo assays were estimated from both 
variance component and parent-offspring regression methods (Falconer, 
1981). 
From variance component The covariance components and 
genetic correlations between Immunological traits measured by in vivo, 
assays were estimated by (5) and (6). In this experiment, only the 
sire covariance components were used in the calculation. The models 
used to estimate the covariance components were the same as those used 
in the estimation of heritabilities. 
From Darent-offsprina regression Genetic correlation 
between two traits can also be estimated as 
••g " :bp(x)-o(y) ' 
Where rg was the genetic correlation between x and y; '^p(x)-o(y) 
the regression coefficient of means of y of the offspring on x of 
parents. 
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Analysis gf variance W comparisons af means The General 
Linear Model Procedure of SAS was used In all of the analyses of 
variance and mean comparisons between sublines except for the first 
generation data where only the means and standard errors of the means 
were calculated. The ANOVA model for the second and third generation 
was 
Yljk " P + Li + Sjj + Gjjk (13) 
Where Y, S, L, and e were the same as In (10). The least squares 
means and contrast options were used to compare differences among 
sublines and between replicates. 
Experimental design 
Population structure A total of 467 Ottawa strain 7 chicks 
from 20 sires and 71 dams was hatched at the Poultry Science Research 
Center and used as the base population in the selection experiment. 
The chicks were randomly divided into two replicates by sire families 
so that chicks in replicate 1 were from 10 sires and 35 dams and 
chicks in replicate 2 were from 10 sires and 36 dams. All chicks were 
kept together throughout the experiment with free access to food and 
water to eliminate any possible pen effect. All assays were carried 
out on each individual without knowing to which subline or replicate 
it might belong. 
Selection Scheme In the base population, all chickens of 
each sire family within each replicate were ranked by a selection 
index, which was calculated according to the performance of each 
individual in the three in vivo assays. These half-sibs were divided 
into high or low responder lines according to their index values, so 
that chickens within each subline [replicate 1 high responders (IH), 
replicate 1 low responder (IL), replicate 2 high responder (2H), and 
replicate 2 low responder (2L)] were from ten sire families. 
In subsequent generations of selection, the matings were random 
but restricted within subline. Full-sib and half-sib matings were, 
however, avoided. The breeders were selected based on high or low 
index values for the high or low responder lines, respectively. At 
least one sire was selected from each sire family within subline so 
that excessive inbreeding could be avoided. 
Selection index 
The selection Index used in the experiment was defined as 
I - bjtt-PM + bgO-MG + bjPI + b^WI . (14) 
Where b^ represented the coefficient of the index, a-PM and a-MG were 
the levels of anti-PM and anti-MG antibodies measured by the ELISA 
assays, PI was the phagocytic index measured by the carbon clearance 
assay, and WI was the wingweb index measured by the PHA wingweb assay. 
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The coefficients of the index (b^) were calculated from the 
equation (In matrix notation) (Hazel, 1943): 
£fe-iàâ . (15) 
Solve for Jfe 
b - [£]"'s â . 
Where £ was the phenotypic variance and covarlance matrix, b was the 
vector of the coefficients of the selection index, £ was the genetic 
variance and covarlance matrix, and a was the vector of 'weights'. 
In order to solve the equations, an Important assumption about G 
matrix was made. The assumption was that genetic covariances between— 
the Immunological traits were negligible, and therefore, all off-
diagonal elements of g were set to zeros. This was necessary because 
the data set of the base population was too small to estimate the 
genetic covariances accurately and there were no citable values from 
the literature. More importantly, this assumption was based on many 
Immunological studies that have shown humoral immune response is 
relatively independent of cell-mediated immunity In both humans (Good 
ait.» 1957; Porter, 1957) and animals (Flanagan, 1966; Pantelouris, 
1968). 
Another requirement for solving the equations was the 
designation of the economic values. Since there were no apparent 
economic values associated with the immunological traits, it is 
necessary to define the a vector differently from the original 
selection index theory, in which a is the economical importance of the 
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traits In the selection Index and that the result of selection will 
maximize economic gain (Hazel, 1943). The values of a In this 
experiment were defined as 'weights' and were calculated to be 
Inversely proportional to the heritablllty estimate of each trait: 
where 
a 
' 4 
(16) 
(hJ-pM + ha-MG^/Z + ^ PI + ^ WI . 
The selection Index obtained by using these 'weights' would presumably 
put more selection pressure on the traits with lower heritablllty 
estimates and vice versa, so that all traits under selection could 
progress simultaneously at the same rate. 
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RESULTS 
Genetic Analysis of Immunocompetence Measures 
in a White Leghorn Chicken Line 
Effects of sublines and sires 
ANOVA and comparison gf means The effects of subline, sire, 
and sex on antibody response to the two vaccines (a-PH and a-MG), 
phagocytosis index (PI), and cell-mediated immunity (WI) were analyzed 
by ANOVA (Table 1). The means of a-PM, a-MG, PI and WI are shown in 
Table 2. The effects of the previous selection for Ea-B type (BT), 
antibody response to GAT (GAT), and Rous sarcoma virus-induced tumor 
response (RSV) and Interaction on a-PM, a-MG, PI, and WI are presented 
in Tables 3 and 4. 
Table 1. Analysis of variance for the effects of subline, sire, and 
sex on a-PM, a-MG, PI, and WI in the SI population 
Source of 
variation 
a-PM a-MG PI WI 
dfb MS^ df MS df MS df MS 
Subline ** ** * ** 7 3.46 7 20.02 7 0.016 7 1.13 
Sire 23 0.90** 23 1.15** 26 0.0073 26 0.25** 
Sex I 0.91 1 0.022 1 0.059** 1 15.08 
Error 306 0.28 298 0.33 376 0.0053 367 0.13 
*Error mean squares were used to test sire and sex effects. 
Sire mean squares were used to test subline effect. 
gdf: degree of freedom. 
MS: mean square. 
* P<0.05. 
** P<0.01. 
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Table 2. Antibody responses to PM and MG vaccines, phagocytic 
activity, and T cell-mediated responses of each subline of 
the SI population 
a-PM a-MG PI WI 
Subline No. mean No. mean No. mean No. mean 
IHP 53 .98* 55 1.91* 52 
m
 C
M 0
 
CM 
49 1.35bc 
IHR 53 .81* 53 1.82* 53 .173*b 53 1.48*b 
ILP 47 .40bc 53 .67b 46 .I71*b 45 1.48*b 
ILR 48 .35bc 57 .70^ 44 .194* 44 1.59* 
19HP 79 .55b 73 42bcd 66 .191* 62 I.20C 
19HR 66 .99* 60 .49bc 60 .188* 59 1.55* 
19LP 32 .35^: 20 .12^ 47 .144b 47 1.37b 
19LR 17 .25C 12 .23=4 43 .173*b 43 1.21= 
*~^Means within each column with no common superscripts are 
significantly different at P<0.05. 
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Table 3. Analysis of variance for the effects of Ea-B type (BT), 
antibody response to GAT (GAT), and RSV tumor resistance 
(RSV) types and interactions on antibody response to 
vaccines, phagocytosis, and T cell-mediated response (mean 
squares) 
source of o-PM @-MG PI WI 
variation Female Male Femal e Male 
BT .02 71.90*** .004 .033** .121 .65*** 
GAT 20.09*** 64.74*** .062** .001 .013 .00 
RSV .86 .02 .001 .013 .262 2.29*** 
BTxGAT .16 .87*** .037* .001 .222 .16 
BTxRSV 4.38*** .25 .001 .030* .051 .01 
GATxRSV .47 .17 .039* .008 .247 1.43** 
BTxGATxRSV 2.22** .02 .016 .051*" .188 1.81*** 
Error .31 .39 .006 .004 .115 .15 
* P<0.05. ** P<0.01. *** P<0.001. 
Phenotvpic correlations aM genetic parameters 
Correlation Phenotypic correlations between immunological 
traits of the SI line were calculated and shown in Table 5. 
Parameters Heritabilities and genetic correlations of the 
immunological traits were estimated by the variance component method. 
The data set contained about 400 records from 8 sublines, 32 sire 
families. Table 6 presents the variance component and heritabillty 
estimates. Covariance components and genetic correlations are listed 
in Table 7. Only the sire components were used in the calculation. 
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Table 4. Least squares means for Ea-B type, antibody response to GAT, 
and RSV resistance on antibody responses to vaccines. 
phagocytosis, and T cell-mediated response 
Ea-B alleles GAT response RSV resistance 
B^ B19 H L R P 
Antibody responses 
-PM S/P .68 .63 .82 * .35 .71 61 
-MG S/P 1.32 * .41 1.16 * .54 .95 93 
Phagocytosis (PI) 
females .197 .188 .208 * .174 .196 189 
males .180 * .153 .165 .165 .173 158 
T cell-mediated response (WI) 
females 1.237 1.190 1.221 1.207 1.250 1. 177 
males 1.789 * 1.505 1.655 1.616 1.740 * 1. 530 
*Adjacent means are significantly different at P<.05. 
Table 5. Phenotypic correlations among antibody responses to the 
vaccines, phagocytosis, and T cell-•mediated response 
-MG PI WI 
icic 
-PM Female .275 
Male .085 
.093 
.051 
.144 
.058 
-MG Female 
Male 
.077 
.142 
-.021* 
.168 
PI Female 
Male 
-.143* 
.137 
P<.10. * P<.05. ** P<.01. 
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Table 6. Variance component and herltabHlty estimates of the 
Immunological traits of the SI line 
Method Trait Sire* Dam^ Error^ Heritabilityd 
ANOVA tt-PM 0.0781 0.0061 0.2493 0.94 
tt-MG 0.0532 0.0653 0.2436 0.59 
PI 0.00005 0.00013 0.00526 0.04 
WI 0.0018 0.0095 0.1704 0.04 
ML a-PM 0.0473 0.0180 0.2394 0.62 
tt-MG 0.0272 0.0651 0.2447 0.32 
PI 0.0000 0.0002 0.0051 0.00 
WI 0.0000 0.0101 0.1668 0.00 
®S1re: sire component. 
^bam: dam component. 
^Error: error component. 
^Heritabilities were calculated from sire components by (4). 
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Table 7. Covarlance components and genetic correlations between 
Immunological traits of the SI line 
Sire Covarlance Genetic 
Method Trait component* component^ correlation^ 
ANOVA a-PM & PI 0.0731 -0.00253 -1.28 
a-MG & PI 0.0555 0.00113 0.69 
PI & WI 0.00017 -0.00084 -2.80 
ûf-PM & tt-MG 0.1791 0.0242 0.38 
a-PM & WI 0.0995 0.0098 0.83 
a-MG & WI 0.0445 -0.0053 -0.54 
ML a-PM & PI 0.0431 -0.0021 / 
a-MG & PI 0.0285 0.00065 / 
PI & WI 0.0000 / / 
a-PM & a-MG 0.1149 0.0202 0.56 
a-PM & WI 0.0555 0.0041 / 
a-MG & WI 0.0227 -0.00225 / 
*S1re components were estimates of the sum of two traits 
Involved. 
Covarlance components were calculated from sire components by 
(5). , 
^Genetic correlations were calculated by (6). 
/: values were not estimable. 
Genetic Selection For Immunocompetence in Chickens 
Herltabllitv 
Heritabilities of the immunological traits were estimated by 
the variance component method. The variance components of both sire 
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and dam of the base population were obtained by ANOVA and ML with the 
model (8) (Table 8). Both variance components and herltabllltles were 
updated when more data became available In subsequent generations. 
The estimates of variance component and herltablllty of the combined 
data of first two generations are shown In Table 9. The results from 
the combined data of second and third generation are shown In Table 
10. 
Table 8. Variance component and herltablllty estimates of the 
Immunological traits of the base population (first 
generation) 
Method Trait Sire® Dam^ Error^ Herltablllty^ 
ANOVA a-PM 0.0040 0.0000 0.1045 0.15 
@-MG 0.3212 0.1680 1.9519 0.53 
PI 0.0015 0.0005 0.0195 0.28 
WI 0.0032 0.0049 0.1907 0.06 
ML ot-PM 0.0031 0.0000 0.1044 0.12 
@-MG 0.3032 0.1698 1.9445 0.50 
PI 0.0015 0.0000 0.0199 0.28 
WI 0.0033 0.0042 0.1905 0.07 
*S1re: sire component. 
^Dam: dam component. 
^Error; error component. 
J 
Herltabllltles were calculated from sire components by (4). 
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Table 9. Variance component and herltablHty estimates of 
Immunological traits of combined data of the first and 
second generations 
Method Trait Sire* Error^ Heritability^ 
ANOVA ft-PM 0.0180 0.2101 0.32 
a-MG 0.1386 1.2727 0.36 
PI 0.0027 0.0359 0.28 
WI 0.0064 0.1645 0.14 
ML a-PM 0.0142 0.2066 0.26 
ot-MG 0.1782 1.3610 0.46 
PI 0.0022 0.0353 0.23 
WI 0.0056 0.1642 0.12 
®S1re: sire component. 
^trror: error component. 
^Heritabilltles were calculated from sire components by (7). 
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Table 10. Variance component and herltablllty estimates of 
Immunological traits of combined data of the second and 
third generations 
Method Trait Sire* Error^ Herltablllty^ 
ANOVA ft-PM 0.0140 0.1423 0.36 
Of-MG 0.1035 1.4509 0.27 
PI 0.0013 0.0286 0.17 
WI 0.0144 0.1461 0.36 
ML Œ-PM 0.0116 0.1422 0.30 
Of-MG 0.0825 1.4506 0.22 
PI 0.0010 0.0284 0.14 
WI 0.0118 0.1463 0.30 
REML a-PM 0.0147 0.1422 0.37 
Œ-M6 0.0963 1.4505 0.25 
PI 0.0014 0.0284 0.19 
WI 0.0154 0.1462 0.38 
*S1re: sire component. 
''Error: error component 
^Herltabilitles were calculated from sire components by (4). 
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Herltabllitles of the Immunological traits were also estimated 
from parent-offspring regressions by (12). They are shown in Table 
11. The data of the first and second generations were used in the 
calculation. 
Table 11. Herltabllitles of immunological traits estimated from 
parent-offspring regressions 
Trait 
Regression coefficient Heritability 
0
 
1 o
 01
 
S-ob D-0 S-0 
a-PM -0.04 0.08 -0.08 0.16 
tt-MG 0.08 0.03 0.16 0.06 
PI -0.13 0.07 -0.26 0.14 
WI 0.03 0.11 0.06 0.22 
*0-0: regression coefficient of means of offspring on dam. 
'*0-0: regression coefficient of means of offspring on sire. 
PhenotvDic md genetic correlations 
Phenotypic correlations and variance and covarlance matrices 
were calculated for base the population, combined data of the first 
two generations, and combined data of the second and third 
generations. Data from different sublines were pooled together in the 
latter two data sets in the analyses. The results are presented in 
Tables 12 and 13. 
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Table 12. Phenotypic correlations of Immunological traits 
Data set PI a-MG a-PM 
WI Data 1* 0.006 -0.06 -0.06 
Data 2*) 0.04 -0.09** -0.06 
Data 3*^ 0.04 -0.07* -0.009 
PI Data 1 -0.11 -0.01 
Data 2 -0.14** 0.06 
Data 3 -0.11*** 0.07* 
Of-MG Data 1 
Data 2 
Data 3 
0.15** 
-0.05 
-0.14*** 
*Data 1: data of the base population. 
^Data 2: combined data of the first two generations. 
^Data 3: combined data of the second and third generations. 
* P<0.05. ** P<0.01. *** P<0.001. 
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Table 13. Phenotypic variance-covariance matrix of the immunological 
traits 
Data set WI PI a-MG a-PM 
WI Data 1® 0.0215 0.00039 0.0252 -0.00048 
Data 2b 0.1805 0.0033 -0.0506 -0.0113 
Data 3^ 0.1655 0.0030 -0.0686 -0.0086 
PI Data 1 0.1990 -0.0419 -0.0088 
Data 2 0.0389 -0.0372 0.0064 
Data 3 0.0302 -0.0262 0.0056 
tt-MG Data 1 2.4340 0.0769 
Data 2 1.9170 -0.0397 
Data 3 1.9546 -0.0835 
a-PM Data 1 0.1080 
Data 2 0.2355 
Data 3 0.1910 
*Data 1: data of the base population. 
^Data 2: combined data of the first two generations. 
^Data 3: combined data of the second and third generations. 
Genetic covariances and corresponding correlations were obtained 
for the combined data of the first two generations and of the second 
and third generations by the variance component method (Tables 14 and 
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15). Genetic correlations calculated from parent-offspring 
regressions are presented in Table 16 (only the first two generations' 
data were used in the calculation). 
Table 14. Estimates of genetic covariances and correlations between 
immunological traits estimated from the combined data set 
of the first two generations 
Sire Covariance Genetic 
Method Trait component® component^ correlation^ 
a-PM & PI 0.0310 0.00515 0.74 
a-MG & PI 0.0943 -0.0235 -1.21 
PI & WI 0.0015 -0.0038 -0.91 
ot-PM & tt-M6 0.1316 -0.0125 -0.25 
a-PM & WI 0.0042 -0.0102 -0.95 
a-MG & WI 0.1183 -0.01335 -0.45 
a-PM & PI 0.0217 0.00265 0.47 
a-MG & PI 0.1461 -0.01715 -0.87 
PI & WI 0.0024 -0.0027 -0.77 
a-PM & a-MG 0.1792 -0.0066 -0.13 
a-PM & WI 0.0005 -0.00965 -1.08 
a-MG & WI 0.1392 -0.0223 -0.71 
*Sire components were estimates of the sum of the two traits 
Involved. 
^Covariance components were calculated from the sire components 
by (5). 
^Genetic correlations were calculated by (6). 
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Table 15. Estimates of genetic covarlances and correlations between 
immunological traits estimated from the combined data set 
of the second and third generations (selected population) 
Sire Covariance Genetic 
Method Trait component* component^ correlation' 
ANOVA *-PM & PI 0.0205 0.00325 0.76 
a-MG & PI 0.0566 -0.0241 -2.08 
PI & WI 0.0144 -0.00065 -0.15 
tt-PM & ft-MG 0.1106 -0.00575 -0.15 
ar-PH & WI 0.0116 -0.0084 -0.59 
a-MG & WI 0.1072 -0.00535 -0.14 
ML a-PM & PI 0.0184 0.0029 0.85 
a-MG & PI 0.0459 -0.0188 -2.07 
PI & WI 0.0125 -0.00015 -0.04 
a-PM & a-MG 0.0964 0.00115 0.04 
a-PM & WI 0.0098 -0.0068 -0.58 
a-MG & WI 0.0922 -0.00105 -0.03 
REML a-PM & PI 0.0206 0.00225 0.50 
a-MG & PI 0.0570 -0.02035 -1.75 
PI & WI 0.0144 -0.0012 -0.26 
a-PM & a-MG 0.1113 0.00015 0.004 
a-PM & WI 0.0119 -0.00245 -0.53 
a-MG & WI 0.1069 -0.0024 -0.06 
*S1re components were estimates of the sum of the two traits 
involved. 
^tovariance components were calculated from the sire components 
by (5). 
^Genetic correlations were calculated by (6). 
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Table 16. Genetic correlations between immunological traits estimated 
from parent-offspring regressions 
Regression coefficient Genetic correlation 
Trait D-0* S-0^ D-0 S-0 
PI & WI^ -0.05 -0.04 -0.10 -0.08 
-PM & WI -0.04 -0.09 -0.08 -0.18 
-MG & WI 0.06 -0.17 0.12 -0.34 
WI & PI -0.43** 0.03 -0.86 0.06 
-PM & PI 0.00 0.20 0.00 0.40 
-MG & PI 0.58 -0.49 1.16 -0.98 
PI & -PM -0.01 0.03 -0.02 0.06 
WI & -PM 0.01 -0.05 0.02 -0.10 
-MG & -PM 0.07 -0.01 0.14 -0.02 
PI & -MG -0.01 -0.03 -0.02 -0.06 
WI & -MG -0.04 -0.01 -0.08 -0.02 
-PM & -MG 0.01 0.00 0.02 0.00 
*D-0: regression coefficient of means of the offspring on dam. 
^b-0: regression coefficient of means of the offspring on sire. 
^PI & WI: the first is the parent trait and the second is the 
offspring trait. 
** P<0.01. 
Selection index 
Selection index used in the base population This index was 
constructed with the genetic parameters estimated from data of the 
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base population. The heritabHltles obtained from ANOVA method were 
used. The 'weights' vector a was calculated as In (12) and (13): 
T - hpi + hjj + l/2(h^^pM + hg_MG) 
- 0.28 + 0.06 + 1/2(0.15 + 0.53) 
- 0.68 
®PI " T/hJj - 0 
®WI ' T/hJj - 0 
**-PM " T/ha-PM 
*a-MG " T/hg_MG 
The normal equations were 
PI UI a-PM tt-MG PI WI a-PM a-MG a 
0.0215 0.00039 -0.00048 0.0252' [0.0060 0 0 01 • 2.43 
0.199 -0.0088 -0.0419 h • 0.0199 0 0 11.33 0.108 0.0769 £ • 0.0162 0 4.53 
2.434 1.2900 1.28 
Solve for b: 
-0.13 
0.83 
0.26 
0.69 
The selection index was 
I - -0.13PI + 0.86WI + 0.26a-PM + 0.69a-MG . 
Selection index used In the second generation All phenotypic 
and genetic parameters used in the calculation of the selection index 
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were updated with estimates obtained from the combined data set of the 
first two generations. The i vector was calculated from the 
heritabilities in Table 9 (estimates from ML method were used) as 
before: 
• 3.09 • 
 ^ • l:?l 
. 1.54 J . 
The normal equations were 
PI WI er-PN a-MG PI WI a-PN a-MG a 
0.0389 0.0033 0.0064 -0.03721 [0.0089 0 0 01[3.09' 
0.1805 -0.0113 -0.0506 . 0.0235 0 0 5.92 
0.2355 -0.0397 ^  0.0589 0 2.73 
1.9170J 0.8818j[l.54j. 
Solve for fe: 
• 1.23 
k • oil 
. 0.78j . 
The selection index was 
I - 1.23PI + 1.02WI + 0.83a-PM + 0.78a-MG . 
Selection index used in Ibg third generation Phenotypic and 
genetic parameters obtained from the combined data of second and third 
generations (selected population) were used in the calculation of the 
selection index. The a-PN antibody response was not included in the 
index due to apparent technical difficulties. The i vector was 
calculated from the heritabilities in Table 10 (estimates from REML 
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method was used), 
a 
4.32 1 
2.16 
3.28 
The normal equations were 
PI WI a-MG 
r 0.0125 0.00029 
0.1570 
Solve for b: 
0.00685 
0.0269 
2.2300 
PI WI ot-MG 
0.00213 0 0 
0.0565 0 
0.6020 
a 
4.32 
2.16 
3.28 
0.357 
0.665 
0.785 
The selection index was 
I - 0.357PI + 0.665WI + 0.785a-MG 
ANOVA and least square means 
Immunological traits Analyses of variance and the least 
squares means of sire families of the base population are shown in 
Tables 17 and 18. 
Analyses of variances and least squares means of immunological 
traits of the second generation (after one generation of selection) 
are presented in Tables 19 and 20. Analyses of variance and least 
squares means of immunological traits of the third generation (after 
two generations of selection) are presented in Tables 21 and 22. 
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Table 17. Analysis of variance of sire, dam, and sex effects on 
Immunological traits measured by the in vivo assays 
a-PM a-MG PI WI 
Source of 
variation df® Mgb df MS df MS df MS 
SIreC 19 0.17 19 8.61*** 19 0.04* 19 0.27 
Dam/sire 56 0.30 56 2.70* 53 0.02 56 0.22 
Sex 1 0.33 1 3.08 1 0.18** 1 0.04 
Error 268 0.10 282 1.95 176 0.02 303 0.19 
*df: degree of freedom. 
'^MS: mean square. 
^Slre: the sire effect was tested by dam within sire MS. 
* P<0.05. ** P<0.01. *** P<0.001. 
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Table 18. Least square means of the sire families of base population 
Sire No. @-PM tt-MG PI WI 
1 0 204bcde 2.065^9^1 0.214b 1.827* 
2 0.162^^® 1.950^9^1 0.342*b 1.558*b 
3 0.425*bc 2.081®^9h1 0.338*b 1.667*b 
4 0.238*bcde 1.615^1 0.284^ 1.634*b 
5 0.301*bcde 2.358Cdef9h1 0.265b 1.433b 
6 0.240*bcde 2.563bcdef9h 0.216^ 1.685*b 
7 0.086® 2 447Cd®fgh 0.338*b 1.48lb 
8 0.366*bcd 2 998abcd®f9 0.289^ 1.546*b 
9 0.252*bcde 2.29ld®f9hi 0.425* 1.367b 
10 0.342*bcde 3.368*bcd 0.258^ 1.496*b 
11 0.297*bcde 3.435*bc 0.338*b 1.564*b 
12 0.178^^® 3.595*b 0.349*b 1.447b 
13 0.252*bcde 3.008*bcdefg 0.341*b 1.466b 
14 0.236*bcde 3.718* 0.438* 1.356b 
15 0.310*bcde 2 548bcd®fgh 0.308*b 1.600*b 
16 0.285*bcde 1.9149^1 0.310*b 1.473b 
17 0.127^® 1.311^ 0.336*b 1.467b 
18 0.249*bcde 3.055*bcdef 0.327*b 1.514*b 
19 0.460*b 3 Oio*bcdefg 0.270^ 1.446b 
20 0.493* 3 2oi*bcde 0.288^ 1.389b 
^'^Means with no common superscripts within a column are 
significantly different at P<0.05. 
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Table 19. Analysis of variance of line and sire effects on 
Immunological traits of the second generation measured by 
the three In vivo assays 
Source of 
variation 
ft-PM ft-MG PI WI 
df^ ' MS^ df MS df MS df MS 
Linef 3 1.16 3 9.59** 3 0.14 3 0.89? 
High vs. low** 0.08 5.20? 0.21? 1.59* 
Repl vs. rep2^ 2.27? 22.48*** 0.02 0.04 
Slre(line) 35 0.65*** ' 35 1.65** 35 0.08** 35 0.30*** 
Error 511 0.27 516 0.89 473 0.04 502 0.15 
df: degree of freedom. 
'^MS: mean square 
^Llne: line effect was tested with Slre(line) MS. 
^Contrasts between high and low responders and between replicate 
1 and 2 were tested with Slre(llne) MS with df-1 in this and all 
subsequent Tables. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
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Table 20. Least squares means of immunological traits of sublines of 
the second generation (after one generation of selection) 
Subline a-PM o-MG PI WI 
IH 0.486*b 1.24^6 0.347b 1.57*b 
IL 0.552* i.iof 0.429* 1.62*b 
2H 0.446*b 1.71* 0.376*b 1.49b 
2L 0.329b 1.46*b 0.377*b 1.67* 
a-b, Means with no common superscripts within a column are 
significantly different at P<0.05. 
Table 21. Analysis of variance of the line and sire effects on 
Immunological traits of the third generation measured by 
the in vivo assays 
tt-PM tt-MG PI 
source of 
variation df MS' df MS df 
WI 
MS df MS 
Linef 3 
High vs. low 
Repl vs. rep2 
Slre(llne) 36 
Error 489 
0.04 3 
0.05 
0.01 
0.03*** 36 
0.01 491 
11.27? 3 
8.17 
15.19? 
* * * 
4.05 36 
2.03 427 
0.003 3 0.26 
0.002 0.12 
0.005 0.04 
0.014 36 0.37 
0.012 465 0.14 
*** 
*df: degree of freedom. 
'^MS: mean square 
^Llne: line effect was tested with Slre(llne) MS. 
t P<0.10. *** P<0.001. 
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Table 22. Least square means of Immunological traits of sublines of 
the third generation (after two generation of selection) 
Subline a-NG PI WI 
IH 2.48^ 0.341* 1.53* 
IL 2.35b 0.350* 1.39b 
2H 2.96* 0.348* 1.43b 
2L 2.57*b 0.352* 1.47*b 
^'^Means with no common superscripts within a column are 
significantly different at P<0.05. 
Body weight Body weight of chickens at 2 weeks, 6 weeks, 12 
weeks, and 20 weeks of age were measured in the base population and 
after each generation of selection. The effect of selection for 
Immunocompetence on body weight at different ages was determined by 
using analysis of variance. They are presented in Table 23. 
The body weight of breeding females at 32 and 51 weeks of age 
were also analyzed by ANOVA and are shown in Table 24. 
The least squares means of body weight at 2, 6, 12, 20, 32, and 
51 weeks of age are shown in Figures I to 3. 
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Table 23. Analysis of variance of the effect of selection for 
immunocompetence on body weight at 2 (BW2), 6 (BW6), 12 
(BW12), and 20 weeks (BW20) of age 
Source of 
BW2 BW6 BW12 BW20 
variation® dfb MS^ df MS df MS df MS 
Generation 2 
Line 3 110 3 3960 3 6785 3 141457 
High vs. low 221 575 1887 282103 
Repl vs. 
Sire(line) 
rep2 
35 
17 
472*** 35 
55 
7210** 35 
368 
*** 
51518 35 
174580 
** 
151811 
Error 531 157 517 2747 503 21110 398 84044 
Generation 3 
Line 3 599 3 25923 3 196212 3 252254 
High vs. low 336 45702 127180 569751 
Repl vs. 
Sire(line) 
rep2 
36 
21 
802*** 36 
7014 
17143*** 36 
147 
ieic 
119895 36 
7311 
106961 
Error 489 147 489 5828 489 63460 366 76532 
*The line effect and the contrasts of high and low responders 
and replicate 1 and 2 were tested by using sire within line as error, 
''df: degree of freedom. 
^MS: mean square. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
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Table 24. Analysis of variance of the effect of selection for 
immunocompetence on body weight of breeding females at 32 
(BW32) and 51 weeks (BW51) of age 
Source of BW32 BW51 
Generation variation® df" MSC df MS 
1 line 3 224562 3 109341 
high vs. 
repl vs. 
low 
rep2 
90488 
608013** 
13225 
289781? 
78090** sire(line) 36 79308 30 
error 94 121363 52 39200 
2 line 
high vs. 
3 
low 
112113 
279000? 
3 256548 
599900* 
repl vs. rep2 16411 
82834*** 
27252 
145124*** sire(line) 35 35 
error 163 19939 118 46408 
3 line 
high vs. 
repl vs. 
sire(line) 
error 
3 
low 
rep2 
36 
143 
35720 
81663 
2575 
70536 
29456 
*The line effect and the contrasts were tested by using sire 
within line as error. Body weight at 51 weeks of age of generation 3 
remains to be measured. 
^df: degree of freedom. 
^MS: mean square. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
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Figure 1. Least squares means of body weight at 2 and 6 weeks of age 
of the base population (GEN 1) and the selected sublines 
(GEN 2 and GEN 3) 
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Figure 2. Least squares means of body weight at 12 and 20 weeks of 
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Figure 3. Least squares means of body weight of breeding females at 
32 and 51 weeks of age of the base population (GEN 1) and 
selected sublines (GEN 2 and GEN 3) 
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Egg production traits Egg production traits of the base 
population and selected sublines were monitored and analyzed by 
analysis of variance to determine if selecting for immunocompetence 
had any effect on egg production and sexual maturity. Egg production 
data were recorded for 4 periods. The first period was from 20 weeks 
of age, when all birds were put into single cages, to 27 weeks of age. 
The second period covered from 28 to 35 weeks of age, the third period 
from 36 to 43 weeks, and the fourth period from 44 to 51 weeks. Eggs 
were collected from Monday to Thursday of each week, so that a total 
of 32 days were recorded for egg production in each period. The 
analysis of variance results of egg production, average egg weight at 
32 and 51 weeks of age (EW32 and EW51) (calculated from 5 eggs which 
were collected at 32 and 33 weeks and at 51 and 52 weeks of age), 
total egg mass (EM), and age of first egg (A60F) are presented in 
Tables 25 to 28. 
Egg production of the sublines was also measured by rate of 
production, which was calculated as 
number of eggs in the period 
rate » 
days in the period 
for each female. The production rate of each period and total egg 
production rate were analyzed by analysis of variance with the same 
model. The results are presented in Tables 29 to 30. 
The least squares means of egg production, production rate, egg 
weight, and age of first egg of the sublines were calculated and were 
plotted (Figures 4 to 10). 
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Table 25. Analysis of variance of the effect of selection for 
inununocompetence on egg production (first and second 
period) 
Source of 
Generation variation* 
Period 1 
df' MS" 
Period 2 
df MS 
1 Line 3 53.3 3 169.9** 
High vs. low 0.04 2.5 
Repl vs. rep2 133.3* 506.2*** 
Sire(line) 36 31.9 30 28.2 
Error 52 30.9 52 27.5 
2 Line 3 5.9 3 79.7? 
High vs. low 0.08 105.1? 
Repl vs. rep2 5.1 23.1 
Sire(line) 35 9.8** 35 29.6* 
Error 165 5.3 164 19.1 
3 Line 
High vs. 
Repl vs. 
Sire(line) 
Error 
3 
low 
rep2 
36 
142 
157.2? 
1.6 
322.7* 
59.6*** 
14.2 
The line effect and the contrasts were tested by using sire 
within line as error. 
^df: degree of freedom. 
^MS: mean square. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
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Table 26. Analysis of variance of the effect of selection for 
iiranunocompetence on egg production (third and fourth 
period) 
Source of 
Period 3 Period 4 
Gen® variation^ df^ MS** df MS 
1 Line 3 54.8^ 3 27.5 
High vs. low 5.2 44.8 
Repl vs. rep2 157.6** 23.2 
Sire(line) 30 22.9 30 44.9 
Error 52 33.7 52 37.3 
2 Line 3 86.3 3 52.7 
High vs. low 187.5* 141.6 
Repl vs. rep2 15.7 3.5 
Sire(line) 35 43.2* 35 71.5*** 
Error 119 25.9 114 32.6 
*6en: generation. 
'^The line effect and the contrasts were tested by using sire 
within line as error. 
^df: degree of freedom. 
^MS: mean square. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
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Table 27. Analysis of variance of the effect of selection for 
Immunocompetence on total egg production (PT) and egg mass 
(EM) 
PT EM 
Source of 
Gen® variation^ df^ Msd df MS 
1 Line 3 892.2** 3 1874273* 
High vs. low 33.7 280630 
Repl vs. rep2 2463.9*** 5151354** 
Sire(llne) 30 113.9 30 603850 
Error 52 246.8 50 725309 
2 Line 3 576.0 3 2059789 
High vs. low 1285.3? 4587858* 
Repl vs. rep2 61.9 496601 
Slre(llne) 35 390.9** 35 1012517* 
Error 114 186.6 114 590081 
*Gen: generation. 
^Yhe line effect and the contrasts were tested by using sire 
within line as error. 
^df: degree of freedom. 
^MS: mean square. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
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Table 28. Analysis of variance of the effect of selection for 
immunocompetence on age of first egg (AGOF) and egg weight 
at 32 (EW32) and 51 weeks (EW51) of age 
_ Source of^ 
Gen variation 
AGOF EW32 EW51 
Q
. 
MS^ df MS df MS 
1 Line 3 588 3 15.4 3 19.4 
High vs. low 42 12.6 18.6 
Repl vs. rep2 1612* 33.5 7.1 
Sire(line) 30 332 30 24.2* 30 28.6? 
Error 52 207 52 13.5 50 18.5 
2 Line 3 624 3 4.3 
High vs. low 131 11.8 
Repl vs. rep2 1102 0.2 
Sire(line) 35 616 35 30.9 
Error 165 506 165 24.9 
3 Line 3 437? 3 16.2 
High vs. low 15 0.3 
Repl vs. rep2 716* 45.9 
Sire(line) 36 179* 36 22.8*** 
Error 142 101 142 8.7 
*Gen: generation. 
''The line effect and the contrasts were tested by using sire 
within line as error. 
^df: degree of freedom. 
^MS: mean square. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
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Table 29. Analysis of variance of the effect of selection for 
immunocompetence on egg production rate (first and second 
period) 
Period 1 Period 2 
Source of 
Generation variation® df^ MS^ df MS 
1 Line 3 0.052 3 
** 
0.166 
High vs. low 0.000 0.002 
Repl vs. rep2 0.130* 0.494*** 
Sire(line) 30 0.031 30 0.028 
Error 52 0.030 52 0.027 
2 Line 3 0.041 3 o
 
o
 
00
 
High vs. low 0.001 0.103? 
Repl vs. rep2 0.035 0.023 
Sire(line) 35 
** 
0.068 35 0.029* 
Error 165 0.037 164 0.019 
3 Line 
High vs. 
Repl vs. 
Sire(llne) 
Error 
3 
low 
rep2 
36 
142 
0.136? 
0.002 
0.058 
0.028 
*The line effect and the contrasts were tested by using sire 
within line as error. (Only period 1 production data of the third 
generation was available at the time of analysis). 
^df: degree of freedom. 
^MS: mean square. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
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Table 30. Analysis of variance of the effect of selection for 
immunocompetence on egg production rate (third and fourth 
periods, and total) 
Source of 
Period 3 Period 4 Total 
variation* dfb MgC df MS df MS 
Generation 1 
Line 3 0.054? 3 0.027 3 0.054* 
High vs. low 0.005 0.044 0.002 
Repl vs. rep2 
** 
0.154 0.023 0.161*** 
Sire(llne) 30 0.022 30 0.044 30 0.012 
Error 52 0.033 52 0.036 52 0.015 
Generation 2 
Line 3 0.084 3 0.051 3 0.049 
High vs. low 0.183* 0.138 0.110? 
Repl vs. rep2 0.015 0.003 0.005 
Sire(line) 35 0.042 35 0.070*** 35 0.034*** 
Error 119 0.025 114 0.032 114 0.016 
®The line effect and the contrasts were tested by using sire 
within line as error. 
^kf: degree of freedom. 
^MS; mean square. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
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Figure 4. Least squares means of egg production of the base 
population (GEN 1) and selected sublines (GEN 2 and GEN 3) 
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Figure 5. Least squares means of egg production of the base 
population (GEN 1) and selected sublines (GEN 2 and GEN 3) 
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Figure 6. Least squares means of total egg production and egg mass of 
the base population (GEN 1) and selected sublines (GEN 2 
and GEN 3} 
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Figure 8. Least squares means of egg production rate of the base 
population (GEN 1) and selected sublines (GEN 2 and GEN 3) 
in the first and second periods 
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Figure 9. Least squares means of egg production rate of the base 
population (GEN 1) and selected sublines (GEN 2 and GEN 3) 
In the third and fourth periods 
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Figure 10. Least squares means of total egg production rate of the 
base population (GEN 1) and selected sublines (GEN 2 and 
GEN 3) 
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Reproduction traits Fertility and hatchablllty of eggs of 
dams and sires In the base population and selected sublines were 
recorded. Fertility of the eggs of a dam was calculated as the 
quotient of the number of eggs transferred and the total number of 
eggs set for the dam. 
Number of eggs transfered 
Fertility -
Total number of eggs set 
Hatchablllty of the eggs of the dam was defined as the quotient of the 
number of chicks hatched and the number of eggs transfered. 
Number of chicks hatched 
Hatchablllty - Number of eggs transfered 
Fertility and hatchablllty of the eggs of a sire were calculated 
similarly from the total number of eggs contributed by all the dams 
which were mated to the sire. 
The effect of selection for immunocompetence on fertility and 
hatchablllty of dams and sires of second and third generations was 
analyzed by analysis of variance and is shown in Tables 31 and 32. 
The least squares means of fertility and hatchablllty of selected 
sublines are presented in Figures 11 and 12. 
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Table 31. Analysis of variance of the effect of selection for 
Immunocompetence on fertility and hatchablllty of the eggs 
of sires 
Fertility Hatchablllty 
Source of 
Generation variation df® df MS 
2 Line 3 0.0087 3 0.0143 
High vs. low 0.0003 0.0005 
Repl vs. rep2 0.0043 0.0027 
Error 35 0.0224 35 0.0142 
3 Line 3 0.0911 3 0.0362 
High vs. low 0.0150 0.0128 
Repl vs. rep2 0.0269 0.0191 
Error 36 0.0197 36 0.0096 
*df: degree of freedom. 
^MS: mean square. 
87 
Table 32. Analysis of variance of the effect of selection for 
Immunocompetence on fertility and hatchablllty of the eggs 
of dams 
Source of 
Fertility Hatchablllty 
Generation variation* df^ MgC df MS 
2 Line 3 0.0100 3 0.0009 
High vs. low 0.0063 0.0004 
Repl vs. rep2 0.0142 0.0001 
Sire(line) 35 0.0514 35 0.0327 
Error 50 0.0355 48 0.0438 
3 Line 3 0.0944 3 0.0408 
High vs. low 0.0303 0.0454 
Repl vs. rep2 0.0687 0.0503 
Sire(llne) 36 0.0612? 36 0.0365* 
Error 116 0.0418 113 0.0214 
*The line effect and the contrasts were tested by using sire 
within line as error. 
^df: degree of freedom. 
^NS: mean square, 
t P<0.10. * P<0.05. 
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Figure 11. Least squares means of fertility and hatchability of sires 
of the base population (GEN 1) and selected sublines (GEN 
2 and GEN 3) 
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Mortality Total mortality up to 51 weeks of age In the base 
population and selected sublines were monitored during the experiment. 
Death accidentally caused by experimental procedures and culling of 
males at 20 weeks of age after selection were excluded from the total. 
Total mortality was expressed as the percentage of the total number of 
birds in each subline and was calculated for both sire and dam 
families. Mortality data were analyzed by analysis of variance and 
are presented In Tables 33 and 34. The least squares means of 
mortality of selected sublines are shown In Table 35. 
Table 33. Analysis of variance of the effect of selection for 
immunocompetence on total mortality calculated from sire 
families 
Source of 
variation 
Generation 1 Generation 2 
df® MS*) df MS 
Line 3 533** 3 280 
High vs. low 547* 100 
Repl vs. rep2 518* 184 
Error 36 131 36 176 
*df: degree of freedom. 
''MS: mean square. 
t P<0.10. * P<0.05. ** P<0.01. 
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Table 34. Analysis of variance of the effect of selection for 
Immunocompetence on total mortality calculated from dam 
families 
Generation 1 Generation 2 
Source of 
variation* df'' MS^ df MS 
Line 3 1045* 3 1307 
High vs. low 1574* 
1041^ 
298 
Repl vs. rep2 1160 
Slre(llne) 36 281 36 814 
Error 46 427 113 626 
*The line effect and the contrasts were tested by using sire 
within line as error. 
*^df: degree of freedom. 
^MS; mean square, 
t P<0.10. * P<0.05. 
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Table 35. Least squares means of total mortality of selected sublines 
calculated from sire and dam families 
MT-SIRE® MT-DAMb 
Subline Genl** Gen2^ Genl Gen2 
IH 23.6® 38.1® 22.7® 38.9® 
IL 24.4® 27.5®f 26.2® 27.9®f 
2H 9.7^ 26.3^ 9.9^ 25.2^ 
2L 23.8® 30.6®f 24.4® 30.5®f 
*MT-SIRE: least squares means of total mortality calculated from 
sire families. 
''MT-DAM: least squares means of total mortality calculated from 
dam families. 
**Genl: first generation. 
^Gen2: second generation. 
®~^Means within each column with no common superscripts are 
significantly different at P<0.05. 
PhenotvDic correlations 
Phenotypic correlations between Immunological traits and 
production traits were calculated from the female breeders of each 
generation and are presented In Tables 36, 37 and 38. Phenotypic 
correlations between immunological and reproduction traits and total 
mortality were also calculated and are shown in Tables 39 and 40. 
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Table 36. Phenotypic correlations between Immunological and 
production traits of breeding females of the base 
population 
WI® Pl'^ a-PMf a-MG^ 
Egg production 
Period 1 0.26* 0.07 -0.13 -0.10 
Period 2 0.18 0.12 -0.03 0.01 
Period 3 -0.07 0.01 0.09 -0.16 
Period 4 -0.14 0.10 0.12 0.02 
Total 0.07 0.11 0.02 -0.08 
Production rate 
Period 1 0.26* 0.07 -0.13 -0.10 
Period 2 0.18 0.12 -0.03 0.01 
Period 3 -0.07 0.01 0.09 -0.16 
Period 4 -0.14 0.10 0.12 0.02 
Total 0.07 0.11 0.02 -0.08 
Egg weight 
32 weeks -0.14 -0.07 -0.04 -0.16 
52 weeks -0.20 0.06 -0.07 -0.17 
Egg mass -0.03 0.14 0.01 -0.12 
AGOF® 
-0.28** -0.02 0.14 0.09 
*WI: wing web Index. 
'^PI: phagocytic index. 
^a-PM: anti-PM antibody S/P. 
^a-MG: anti-MG antibody S/P. 
®AGOF; age of first egg. 
* P<0.05. ** P<0.01. 
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Table 37. Phenotypic correlations between Immunological and 
production traits of breeding females of the second 
generation 
WI* Pib 0-PM^ Of-MG^ 
Egg production 
Period 1 -0.04 -0.01 0.13 -0.03 
Period 2 0.07 0.02 0.02 0.05 
Period 3 0.05 -0.08 -0.04 0.15* 
Period 4 -0.01 -0.14 0.03 0.13 
Total 0.01 -0.09 0.04 0.14 
Production rate 
Period 1 -0.04 -0.01 0.13 -0.03 
Period 2 0.07 0.02 0.02 0.05 
Period 3 0.05 -0.08 -0.04 0.15* 
Period 4 -0.01 -0.14 0.03 0.13 
Total 0.01 -0.09 0.04 0.14 
Egg weight 
32 weeks -0.08 -0.01 -0.08 -0.00 
Egg mass 0.02 -0.08 0.05 0.10 
AGOF® 0.03 0.01 0.09 -0.03 
*WI: wing web Index. 
'^PI: phagocytic index. 
^o-PM: anti-PM antibody S/P. 
^a-MG: ant1-MG antibody S/P. 
®AGOF: age of first egg. 
* P<0.05. 
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Table 38. Phenotypic correlations between Immunological and 
production traits of breeding females of third generation 
WI* PI^ a-PM^ flf-MG^ 
Egg production 
Period 1 0.17* -0.01 -0.14 0.03 
Production rate 
Period 1 0.17* -0.01 -0.14 0.03 
Egg weight 
32 weeks -0.02 0.05 -0.02 -0.03 
AGOF® 
-0.19** 0.04 0.15 0.02 
*WI: wing web Index. 
'^PI; phagocytic index. 
S-PM: anti-PM antibody S/P. 
^a-MG: anti-MG antibody S/P. 
®AGOF; age of first egg. 
* P<0.05. ** P<0.01. 
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Table 39. Phenotypic correlations between Immunological and 
reproduction traits (sire family data) 
Generation Trait UI PI a-PM tt-MG 
1 Fer* -0.29 0.36 -0.23 -0.18 
Hatb 0.06 -0.28 0.46* 0.07 
2 Fer 0.09 0.13 0.08 0.19 
Hat 0.23 -0.13 -0.27 -0.14 
3 Fer 0.25 -0.03 -0.18 -0.00 
Hat 0.19 0.01 0.03 -0.01 
Total^ Fer 0.13 0.12 0.03 - -0.01 
Hat 0.08 -0.22* -0.28** 0.21* 
*Fer: fertility. 
'^Hat: hatchablllty. 
^Total - correlations calculated from the pooled data of the 
three generations. 
* P<0.05. ** P<0.01. 
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Table 40. Phenotypic correlations between Immunological and 
reproduction traits (dam family data) 
Generation Trait WI PI tt-PM ot-MG 
1 Fer* -0.01 0.02 0.01 -0.14 
Hatb 
-0.16 -0.08 0.17 0.13 
2 Fer 0.03 -0.00 0.08 -0.14 
Hat -0.19 -0.05 -0.03 0.06 
3 Fer 0.14 0.02 -0.05 0.01 
Hat -0.08 0.04 0.06 0.08 
Total^ Fer -0.07 0.04 0.03 0.09 
Hat -0.08 -0.06 -0.07 0.12* 
*Fer: fertility. 
''Hat: hatchability. 
^Total: correlations calculated from pooled data of the three 
generations. 
* P<0.05. ** P<0.01. 
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Table 41. Phenotypic correlations between Immunological traits and 
total mortality 
Generation Data UI PI a-PM ot-MG 
1 Sire* 0.22 -0.13 0.02 -0.26 
Damf 0.06 -0.04 -0.04 -0.14 
2 Sire 0.24 0.16 0.01 -0.17 
Dam 0.30** 0.09 0.05 -0.02 
Total^ Sire 0.06 -0.13 -0.28* 0.18 
Dam 0.18** -0.01 -0.15* 0.08 
*S1re: total mortality calculated from sire family records, 
^bam: total mortality calculated from dam family records. 
^Total: total mortality calculated from pooled data of the first 
and second generations. 
* P<0.05. ** P<0.01. 
In vitro immunocompetence measurements 
Phagocytosis The in vitro phagocytic index (RATIO) of 
selected sublines was measured by a SRBC phagocytosis assay. The 
differences between sublines were analyzed by analysis of variance 
(Table 42). The least squares means of RATIOS of sublines are 
presented in Table 43. 
Antibody response The in vitro antibody response of the 
sublines was measured by a plaque forming cell assay (PFC), in which 
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the number of B cells secreting antl-SRBC antibody were determined. 
The differences between sublines were analyzed by analysis of variance 
(Table 42). The least squares means of PFCs of sublines are shown in 
Table 43. 
Table 42. Analysis of variance of in vitro phagocytosis (RATIO) and 
antibody (PFC) response of sublines 
PFC RÂTÏÔ 
Source of : r 
variation df® MS° df MS 
Line 3 925* 3 292* 
High vs. low 235 296* 
Repl vs. rep2 1909** 323* 
Sire 26 253 26 76 
Error 28 174 26 89 
*df: degree of freedom. 
^"MS: mean square. 
* P<0.05. ** P<0.01. 
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Table 43. Least squares means of jji vitro phagocytosis (RATIO) and 
antibody response (PFC) of sublines 
Subline RATIO PFC 
IH 
IL 
2H 
2L 
44.5® 
39.3*b 
30.8^ 
34.7b 
^'^Means within a column with no common superscripts are 
significantly different at P<0.05. 
Cell-mediated response The la vitro cell-mediated response 
was measured by a mitogen stimulation assay. Three different 
concentrations of PHA-P solution were used. The optical density 
reading (OD) of a sample was the mean of a triplicates of the sample 
minus the mean of a triplicates of the control. The analysis of 
variance of differences between sublines Is shown In Table 44. The 
least squares means of 00 of different sublines are presented in Table 
45. 
Phenotvoic correlations Phenotypic correlations between in 
vitro immunocompetence measures are shown in Table 46. Phenotypic 
correlations between in vivo and in vitro immunocompetence measures 
are shown in Table 47. 
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Table 44. Analysis of variance of 00 of sublines 
Source of 
variation 
PHA4* PHAfb PHAlC 
df^ MS® df MS df MS 
Line 3 0.058 3 0.024 3 0.017^ 
High vs. low 0.027 0.013 0.021? 
Repl vs. rep2 0.122* 0.000 0.010 
Sire 30 0.028 30 0.014 30 0.007 
Error 44 0.048 44 0.025 74 0.014 
*PHA4: 4/ig PHA-P In 100 culture medium. 
'^PHA2; 2/ig PHA-P In 100 /il culture medium. 
^PHAl: lug PHA-P In 100 /il culture medium, 
^df: degree of freedom. 
^MS: mean square. 
t P<0.10. * P<0.05. 
Table 45. Least squares means of OD of different sublines 
Subline PHA4* PHA2b PHAl^ 
IH 0.25® 0.22 0.09® 
IL 0.29® 0.29 0.11® 
2H 0.43d 0.30 0.17^ 
2L 0.37^® 0.24 0.11® 
*PHA4: 4/tg PHA-P In 100 /il culture medium. 
'^.PHAZ: 2/ig PHA-P In 100 /il culture medium. 
^PHAl: 1/ig PHA-P In 100 n^ culture medium. 
^'^Means within a column with no common superscripts are 
significantly different at P<0.05. 
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Table 46. Phenotypic correlations between in vitro Immunocompetence 
measurements 
PFC* PHA4b PHA2^ PHAld 
RATIO® -0.09 0.06 -0.06 0.10 
PFC 0.22? 0.35** 0.26* 
PHA4 0.79*** 0.86*** 
PHA2 0.78*** 
*PFC: measurement of plaque forming cell assay. 
''"^PHA: measurement of T cell mitogenesis assay. 
®RATIO: measurement of SRBC phagocytosis assay. 
t P<0.10. * P<0.05. ** P<0.01. *** P<0.001. 
Table 47. Phenotypic correlations between in vivo and in vitro 
immunocompetence measurements* 
WI PI a-PM tt-MG 
RATIO -0.38** 0.19 0.11 0.21 
PFC -0.11 -0.15 0.09 0.05 
PHA4 -0.12 0.11 0.05 0.05 
PHA2 -0.22* 0.11 0.01 0.07 
PHAl -0.23* 0.14 -0.03 0.18 
^Abréviations are the same as previous tables. 
* P<0.05. ** P<0.01. 
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DISCUSSION 
The discussion section Is divided Into two parts. The first 
part concentrates on the preliminary study carried out with the ISU SI 
line. This study showed that there were genetic variations In the 
Immunocompetence measurements and that the In vivo assays used were 
appropriate In evaluating the competence of the chicken's Immune 
system. The second part of the discussion Is on the selection 
experiment with the Ottawa strain 7 chickens. Some promising results 
have been obtained after two generations of selection. 
Genetic Analysis of Immunocompetence Measures 
in a White Leghorn Chicken Line 
Analyses of immunocompetence measures 
Antibody response to PM and MG vaccines in the ISU SI line 
The effects of subline, sire, and sex on antibody responses to two 
vaccines in the SI Une were analyzed by analysis of variance (Table 
1). Significant differences were observed among sublines and sire 
families for both antibody levels tested. The IBO vaccine (results 
not shown) was not effective in immunization, perhaps due to effects 
of the previous vaccinations with PM and MG (van der Zijpp et al.. 
1982). Alternatively, the IBD vaccine failure could have been due to 
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other factors, such as route of Immunization and/or the dosage of the 
vaccine used, that Influence the effectiveness of the vaccine. 
Van der ZIJpp (1983) studied the antibody response to SRBC of 
three lines of chickens with different genetic origin and found that 
there were significant differences among them. Gyles et al. (1986) 
did a similar study with six different breeding groups of chickens, 
each bearing a different MHC (B) haplotype, and measured the antibody 
response to antigens with viral and bacterial origins in addition to 
SRBC. Significant differences were observed among breeding groups. 
The results obtained in the SI line further demonstrated that genetic 
differences, especially in the MHC region, are major factors that 
influence the antibody response of chickens to different antigens. 
These differences provide the genetic basis that is probably necessary 
to Improve the humoral Immune response of chickens by selective 
breeding. 
The SI line has previously been selected according to Ea-B 
alleles, antibody response to GAT (Pevzner et al. 1978), and 
regression of Rous sarcoma virus-Induced tumors. The results in Table 
3 show that Ea-B blood types have a significant influence on the 
antibody responses to MG vaccine, but relatively little influence on 
the response to PM vaccine. The selection for high antibody response 
to GAT, a synthetic polypeptide, was effective in increasing the 
antibody responses to both vaccines, suggesting that it is possible to 
improve antibody responses to complex antigens by selecting on the 
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response to a less complex antigen. Urquhart and Lamont (1989) had 
shown that antibody responses to PM and MG are T cell-dependent. 
Pitcovski et al. (1987) observed that selection for high and low 
antibody response to E. coll and ND at an early age changed the 
antibody response to SRBC, a T cell-dependent antigen, but not to 
Brucella abortus, a T cell-independent antigen. These data suggest 
that selection for antibody response to one T eel1-dependent antigen 
may Improve, the response to other T cell-dependent antigens. If this 
is proven to be true, only a few antigens with different origins (such 
as viral and bacterial) would be sufficient to improve antibody 
response to all T cell-dependent antigens in a genetic selection 
program. 
Selection for high antibody response to GAT may improve disease 
resistance capability of the chickens as suggested by the disease 
challenge studies carried out with the ISU SI chickens. Steadham §t, 
al. (1987) showed that homozygotes were more resistance to 
Marek's disease (MD) than B^®B^® homozygotes and high responders to 
GAT were more resistant to MD than low responders. Lamont et al. 
(1987) showed that the resistance to Pasteurella-induced mortality was 
associated with both antibody response to GAT and Immune response to 
RSV-induced tumors when challenged with high doses of P. multocida and 
was associated with Ea-B type when challenged with low doses of L. 
mwltpclds. 
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The previous selection on the ability to regress Rous sarcoma 
virus-Induced tumor growth had no effect on the antibody response to 
either of the vaccines. Some significant Interactions were observed 
among Ea-B loci, Ir-GAT locus, and RSV response (Table 3), Indicating 
that antibody response to antigens of different origin (bacterial or 
mycoplasmal) may be under different genetic control. 
Phagocytosis and T cell-mediated response The phagocytic 
Index (PI) and the wing web Index (WI) were used to evaluate the 
phagocytic activity and the T cell-mediated response, respectively, of 
the SI line. Analysis of variance results demonstrated that there 
were significant differences among sublines in both traits evaluated. 
Significant sire family differences were also observed in the T cell-
mediated response, indicating the presence of genetic variations in 
the two measurements. 
Clare et al. (1985) demonstrated that there was a significant 
Ea-B genotype effect on the wattle reaction, another assay of T cell-
mediated response, to coccidia antigen. Cotter et al. (1987) showed 
a significant influence of the B complex on the delayed wattle 
reaction to Staphylococcus aureus and a difference between males and 
females in their response. The present study supports their 
observations of B complex influence on T cell-mediated response. 
Significant Ea-B type effect on phagocytosis observed in the SI line 
suggests that phagocytosis may also be under the influence of B 
complex. This is further supported by Lamont's study (1986) on 
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genetic associations of reticuloendothelial activity In chickens. 
The effects of the previous genetic selection for Ea-B, GAT, and 
RSV tumor response on phagocytosis and T cell-mediated response and 
the analysis of variance for the Interactions of these traits Is 
presented (Tables 3 and 4). They are separated by sex because the 
previous analysis had shown that there were significant sex 
differences. Significant Ea-B type effect was observed In males for 
both phagocytosis and T cell-mediated response. The significant sex 
differences In T cell-mediated response and phagocytosis were probably 
caused by the Influence of female sex hormones on the immune system of 
chickens (McCorkle et al.. 1979). 
PhenotvDic correlations and genetic parameters 
Correlations among immunocomoetence measures Phenotypic 
correlations were calculated separately for males and females (Table 
5). There were differences between the correlations of male and female 
populations, but the reason(s) for the differences is not clear. One 
possible explanation is that the true relationship of these traits in 
females (or males) could not be detected by these general assays, 
because of the complex interactions of immune system and other 
physiological systems, such as the influence of sex hormones on 
antibody formation (Eidinger and Garrett, 1972; McCorkle and Click, 
1980), graft rejection (Waltman et al.. 1971; McCorkle et al.. 1979), 
and B cell differentiation (Sthoeger et al.. 1988). 
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The correlations between antibody responses to the PM and MG 
vaccines were positive, although these vaccines have different origins 
(bacteria and mycoplasma). This Implies that selection for antibody 
response to one kind of antigen will not necessarily jeopardize the 
antibody response to another antigen. 
Most of the correlations between antibody response and 
phagocytosis and T cell-mediated response were not significant. Even 
those that were significant were relatively low (<0.3), indicating the 
relative Independence of the genetic control of these three components 
of the immune system. This is in agreement with the observations that 
genetic defects in both humans (Good et al. 1957; Porter, 1957) and 
animals (Flanagan, 1966; Pantelourls, 1968) are often restricted to 
only one of the components of the immune system. 
The negative correlation between phagocytosis and T cell-
mediated response may not be truly negative. This Is because the 
defensive functions of phagocytosis come into effect immediately upon 
the Invasion by the foreign materials, whereas the T cells need time 
to be stimulated and proliferate before they respond to the invasion. 
An Individual with strong phagocytic activity can fight off an 
Invasion quickly, not allowing antigenic stimulation to persist for 
the time needed for the T cells to respond. But this does not mean 
that the individual's T cell-mediated response is Inferior, it is 
simply not easily measured with certain assay systems. 
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HeritablHtv and Genetic Correlation Heritabilities of and 
genetic correlations among immunocompetence measures were estimated 
from sire components obtained by the analysis of variance and maximum 
likelihood methods. Their values ranged from 0 to 0.94 for 
heritability and from -2.80 to 0.83 for genetic correlations. The 
genetic correlation between a-PM and a-MG was 0.56 by ML and 0.36 by 
ANOVA (Table 7), suggesting that antibody response to PM and MG may be 
under similar genetic control in the SI line. Further study showed 
that both vaccines were T cell- dependent antigens (Urquhart and 
Lamont, 1989). The wide range of parameter estimates in the SI line 
was probably due to the small population size. 
In summary, these results suggested that the three in vivo 
assays used in this experiment are effective immunological assays 
which can be used to measure the immunocompetence of the chickens. 
The results also suggest that selection for antibody response alone 
has not resulted In a general advantage In response levels of all 
facets of the immune system. To select for immune response and 
disease resistance, therefore, it is necessary to consider the total 
immunocompetence of an individual, not just one or two aspects of the 
immune system. On a practical level, it is also important to 
correlate the immune response trait measurements with disease 
resistance characteristics and production performance of the 
Individual. 
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Genetic Selection for Immunocompetence In Chickens 
The selection experiment was carried out with the Ottawa strain 
7 chickens. The immunocompetence measurements of these chickens were 
assayed by the same three in vivo assays used in the preliminary 
experiment in the SI line and were combined into a single selection 
index. 
Estimates of parameters 
Herltabilitv Heritabilities of immunocompetence measures 
(PI, WI, oe-PN, and a-NG) were estimated by ANOVA and ML for the base 
population (data set I), for the combined data of the first two 
generations (data set 2), and for the combined data of the second and 
the third generations (data set 3} (Tables 8, 9, and 10). The model 
used to analyze data set 3 contained the subline as a fixed effect. 
Since only the breeders of the base population were assigned into 
sublines, the records of the base population were not Included in data 
set 3 to avoid possible bias. However, the model used to analyze data 
set 2 did not include the subline as a fixed effect so that the 
records of both first and second generations could be pooled together 
to provide better estimates of genetic parameters. This was evident 
for the heritability estimates of ot-PN and WI (Tables 8, 9, and 10). 
Restricted ML was also used In the estimation of genetic 
parameters whenever possible (whenever it converged). The results 
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from all three data sets showed that the estimates within each data 
set were very close among different methods. 
Slegel and Gross (1980) estimated the realized her1tab111t1es 
for antibody response to SRBC to be from 0.17 to 0.44 and for 
persistence of antl-SRBC response to be from 0 to 0.22. Gyles et al. 
(1986) estimated herltabllltles of antibody responses to NO, 
Infectious bronchitis (IB), IBD and SRBC by variance component method 
and parent-offspring regression. They ranged from 0 to 0.58. The 
herltablllty estimates of a-PM and a-MG responses in this experiment 
ranged from 0.15 to 0.53. All of these data demonstrate that 
herltablllty of humoral Immune response In chickens Is moderate In 
value, there Is adequate additive genetic variation present in the 
humoral immune response that can be utilized in selection experiments, 
and progress of selection for humoral immune response will be 
moderate. 
Heritabilities of PI and WI were generally lower than that of 
antibody response, suggesting that the progress of selection for these 
two traits will be slow. The reason for the lower herltablllty 
estimates may be because phagocytosis and T cell-mediated immunity are 
too complex to be measured by the simple in vivo assays. The low 
herltablllty estimates for WI may also be caused by the difficult 
procedure of measuring the thickness of relatively soft tissue 
although a micrometer with constant pressure was used to minimize the 
difficulty. 
112 
Herltabllltles of PI and WI estimated from the parent-offspring 
regressions were consistent with the estimates obtained from the 
variance component method. However, the estimates for a-PN and a-MG 
varied between the two methods. This was probably caused by the ELISA 
assay, which was very sensitive to environment and had poor 
repeatability, especially when the assay was carried out at different 
times (generations). 
PhenotvDic and genetic correlations Phenotypic correlations 
and variances and covarlances matrices between Immunocompetence 
measures were calculated from all three data sets (Tables 12 and 13) 
to be used In the construction of selection indexes in corresponding 
generations. They were similar to the correlations found in the SI 
line. Although some of the correlations were significant, all of the 
correlations were low in value (below 0.20), indicating that genetic 
control of the three facets of the immune system is relatively 
independent, which is in concordance with the fact that there Is a 
distinct set of genes that controls each of the three components of 
the Immune system. 
Genetic correlations estimated from covarlance components were 
generally negative and some of them were out of range of the 
parameters (Tables 14 and 15). But, estimates were consistent between 
data sets 2 and 3 and between different methods used with each data 
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set. Genetic correlations estimated from parent-offspring regressions 
were generally low in value compared with the results obtained from 
covarlance component methods and were insignificant except for the 
genetic correlation between WI and PI, which was -0.86 and was 
significant at P<0.01. This is in accordance with the observation in 
the SI line, where a significant negative correlation was also found 
between WI and PI (Cheng and Lamont, 1988). 
Progress of selection 
Selection index Normally, a selection index used in a 
selection experiment is kept the same for many generations of 
selection so that the results of selection can be more consistent 
throughout the experiment. In this experiment, however, the 
coefficients (b^) of the selection index were updated after each 
generation of selection when more data became available in subsequent 
generations and better estimates could be obtained. This was 
necessary because the number of chickens in the base population was 
small. The effect of changing selection index was evaluated by 
comparing the means of immunological measures and index values of the 
sublines and that of selected breeders in each subline of every 
generation. They are presented as follows: 
Generation Subline tt-MG £1 HI index Indexl 
1 Population Rep. 1 2.65 0.28 0.30 1.51 1.97 
Rep. 2 2.93 0.29 0.32 1.52 2.17 
Selected IH 3.69 0.33 0.26 1.49 2.71 
IL 1.86 0.27 0.29 1.49 1.43 
2H 3.77 0.41 0.33 1.41 2.76 
2L 1.31 0.24 0.26 1.47 1.05 
2 Population IH 1.24 0.49 0.35 1.57 3.41 2.29 
IL 1.10 0.55 0.43 1.62 3.49 2.22 
2H 1.71 0.45 0.38 1.49 3.71 2.56 
2L 1.46 0.33 0.38 1.67 3.61 2.50 
Selected IH 1.73 0.65 0.37 1.64 4.02 2.73 
IL 0.84 0.37 0.41 1.63 3.12 2.02 
2H 2.16 0.55 0.40 1.62 4.29 2.98 
2L 1.03 0.20 0.28 1.61 2.96 2.11 
3 Population IH 2.48 0.34 1.53 3.03 2.94 
IL 2.35 0.35 1.39 2.83 2.74 
2H 2.96 0.35 1.43 3.41 3.26 
2L 2.57 0.35 1.47 3.15 3.04 
Selected IH 2.85 0.32 1.45 3.31 3.18 
IL 1.64 0.36 1.32 2.29 2.24 
2H 3.76 0.35 1.40 4.00 3.76 
2L 2.22 0.34 1.52 2.87 2.81 
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The Index values of each generation were calculated with the selection 
Index of the corresponding generation. The Indexl values of the 
second and third generations were calculated with the coefficients of 
the selection index of the first generation. These values indicate 
that changing selection index had little influence on the 
effectiveness of the selection in this experiment. 
In order to construct a selection index, the economic weights of 
the traits under selection have to be determined. In this selection 
experiment, however, the weights are not easily defined because we 
were selecting for immunological traits. Therefore, some arbitrary 
weights were given to the immunological traits. As stated in the 
materials and methods section, the weight vector 'â' were calculated 
to be Inversely proportional to their corresponding heritabilities so 
that traits with lower heritability would get higher weight factors, 
which would put more selection pressure on the traits. For example, 
let us look at the selection index used in the second generation of 
selection (designated as I^ to represent the index used in the 
selection experiment). The heritabilities of the immunocompetence 
measures used in the construction of the I^, the weight factors, the 
coefficients (b^) of the traits in the 1^, and their relative 
percentages were calculated as follows: 
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Trait Heritability Weight(a^) % Coefficient(bj) % 
PI 0.23 3.09 24% 1.23 32% 
WI 0.12 5.92 42% 1.02 26% 
tt-PM 0.26 2.73 22% 0.83 22% 
@-MG 0.46 1.54 12% 0.78 20% . 
Alternatively, we could calculate the weight as the Inverse of the 
genetic variance of each trait or give equal weight to every trait 
under selection. The selection Indexes derived from these two sets of 
wieghts were designated as 1^ and 1^, respectively. The a^s and b^s 
of these two Indexes and their relative values were calculated as 
follows (for the second generation): 
Index Trait Weight % Coefficient % 
'e PI 1 25% 0.62 36% 
WI 1 25% 0.28 16% 
a-PM 1 25% 0.33 20% 
a-MG 1 25% 0.49 28% 
'» 
PI 112 65% 26 70% 
WI 43 24% 6 16% 
a-PM 17 10% 4 11% 
Of-MG 1 1% 1 3% 
Comparisons of these three indexes shows that the trait with lowest 
heritability, WI, had a relative selection pressure of 26% in 
whereas the same trait would get 10% less relative selection pressure 
if either 1^ or Ig would have been used in the selection. Therefore, 
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Ig maximized the genetic progress while Improving all traits at the 
same time regardless of their relatively low herltablllty estimates. 
Expected genetic gain The expected genetic gain after 
each generation of selection can be calculated from the normal 
equation and the coefficients (b^) of the selection Index used In the 
generation. If we designate AG as the expected genetic gain of 
Immunological traits and AH as the expected genetic gain of the 
aggregated genotype, the expected values of the second generation 
corresponding to the three Indexes are shown as follows (with 
selection Intensity set to 1): 
Index AGwi AG*.PM AGa-MG AH 
Is 0.0094 0.0205 0.0418 0.5863 1.17 
le 0.0081 0.0096 0.0285 0.6320 0.68 
Iv 0.0378 0.0220 0.0392 0.1826 6.06 
The large differences In AH between the three Indexes are caused by 
the differences in absolute values of the weights (a,) used in each 
Index. Therefore, they are not comparable. The expected genetic gain 
(AG) of each individual trait, however, was standardized by the 
variance of the respective indexes and hence comparable. The above 
results suggested that most of the genetic gain would have be in a-MG 
if Ig had been used In the selection. 1^, which is the index used in 
the selection experiment, improved the expected genetic gains in PI, 
WI and a-PN with little loss in the expected gain of a-MG when 
compared with Ig. The expected genetic gains of WI, a-PM, and 
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especially PI would also have been Improved If had been used In the 
selection, but at the expense of the genetic gain of a-MG. Therefore, 
the weights used In seems to be a better compromise between the two 
more extreme sets of weights used In 1^ and 1^. 
Immunocomoetence measures The analysis of variance results 
In Tables 19 and 20 show that significant sire family variations were 
present In all of the Immunocompetence measurements. The lesfst 
squares means of these measurements after two generations of selection 
show that selection for antibody response Is most effective, 
especially for a-MG response, where high responders are 6% to 15% 
higher on the average than low responders in both replicates. 
Selection for cell mediated immune response (WI) had also shown some 
progress in replicate 1, where the difference was 10%, but not in 
replicate 2. Selection for PI had little progress. These results are 
consistent with the expected genetic gain and herltabllity estimates 
of the measurements. In the similar bidirectional experiments carried 
out by Siegel and Gross (1980) on antibody response to SRBC, by 
Pevzner et al. (1981) on antibody response to S. pullorum antigen, and 
by Pitcovski et al. (1987) on early antibody responses to ND vaccine 
and E. coll. the differences between selected high and low responder 
lines were significant after 3 to 5 generations of selection. These 
results demonstrate that selection for humoral Immune response is 
relatively easy because of the presence of a moderate amount of 
additive genetic variation. 
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The slow selection progress of PI and WI may be caused by the 
following factors: negative genetic correlations between PI, WI and 
the humoral Immune response, meaning that selection for higher 
antibody response would decrease PI and WI; limited selection 
intensity, an average of 20% males and 70% females were selected as 
breeders in each generation (100% females were used in the first 
generation, divided between the high and low replicate lines); 
selection scheme of putting half-sibs in both high and low sublines in 
the first generation and selecting at least one male from each sire 
family in subsequent generations to avoid excessive inbreeding. In 
some sire families, the Immunocompetence measures of all the progeny 
were lower than in other families. This selection scheme required 
that some of the progeny with lower Immunocompetence measures to be 
put into the high responder sublines in the first generation and some 
males with relatively lower measures in high sublines to be selected 
as breeders, therefore, resulting in a smaller selection differential. 
However, this scheme was necessary because excessive inbreeding in a 
small population may manifest the "founder effects", or even cause the 
extinction of the population. 
Influence of selection for immunocompetence on other traits 
Body weight After two generations of selection for 
immunocompetence, no significant differences were observed on body 
weight at 2, 6, 12, and 20 weeks of age (Table 23) between high and 
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low sublines In both replicates except the body weight at 20 weeks of 
age In the third generation. However, significant differences were 
observed between high and low sublines on body weight of breeding 
females at 32 and 51 weeks of age In the second generation. Body 
weight at 32 weeks of age of the high sublines was 5-7% higher In the 
two replicates than that of the low sublines; and the difference was 
5-13% on the body weight at 51 weeks of age (Figures 5 and 6). These 
results suggest that selection for Immunocompetence has no effects on 
early growth, but has some positive Influence on body weight of adult 
chickens. Higher adult hen weight may be an Indication that chickens 
In the high sublines may be healthier than chickens in the low 
sublines. Alternatively, the higher body weight of breeding females 
may be due to the selection procedure Itself because there were no 
differences in body weight up to 20 weeks of age. 
Production traits Egg numbers of production periods 2 and 3 
of the high sublines were significantly higher (P<0.10 and P<0.05, 
respectively) after one generation of selection than in the low 
sublines. No differences in egg number were observed in other 
production periods and in period one of the third generation, in which 
only partial results were available at the time of data analysis 
(Tables 25 and 26; Figures 4 and 5). Total egg number of the high 
sublines was 4% to 14% higher (P<0.10) than the low sublines in the 2 
replicates of the second generation. Total egg mass of high sublines 
was 4% to 16% higher, which was significantly different (P<0.05), than 
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the low sublines (Table 27; Figure 6). The egg production rates 
showed the same results as the egg production numbers (Table 29 and 
30; Figures 8, 9, and 10). No significant differences were observed 
between high and low sublines in age of first egg and egg weight, 
although the trend towards improved production traits in the high 
sublines seems to be similar to the results of egg production. For 
example, egg weight at 32 weeks of age of the second generation showed 
that high sublines were 1% to 2% heavier than their counterpart in 
respective low sublines and the difference in age of the first egg was 
2% to 4% (Figure 7). Significant differences were observed between 
the two replicates of the first generation in three out of four egg 
production periods, total egg number, egg mass, and age of the first 
egg. This was probably due to the natural selection resulting from 
the incidence of a Marek's disease outbreak (despite routine 
vaccination of the chicks with HVT vaccine) in the first generation, 
which caused the loss of about 50% of the chickens. The replicates 
were formed by randomly assigning 20 sire families Into two groups. 
It is conceivable that sires families that were more resistant to 
Marek's disease were put into one of the replicates. The above 
results suggest that selection for Immunocompetence had no negative 
Influence on production traits and in only two generations of 
selection, productivity of the chickens seems to have been Improved 
slightly. 
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Fertility and hatchabllitv No differences in fertility and 
hatchability were observed between high and low sublines in any 
replicates or generations, suggesting that selection for 
invnunocompetence had little influence on the reproductive capability 
of the chickens (Tables 31 and 32; Figures 11 and 12). 
Mortality No effect of selection for immunocompetence on 
total mortality was observed in the second generation (Tables 33, 34, 
and 35). The significant differences observed between high and low 
sublines of the first generation were probably due to the natural 
selection resulted from the infection of Marek's disease explained in 
the previous section. However, the immunocompetence of the birds 
might also play a role in the difference observed because the 2L 
subline had the same mortality rate as the IH and IL sublines. If the 
non-randomness of replicate formation was the source of the difference 
In mortality, then the 2L subline should have similar mortality as 2H. 
PhenotVDic correlations between immunocompetence and other traits 
Production traits Most of the correlations between 
immunocompetence measures and production traits were not statistically 
significant and were inconsistent between generations except the 
positive correlations between WI and the first period egg production 
and the negative correlation between WI and age of the first egg, 
which were significant in both the first and the third generations 
(Tables 36, 37, and 38). These results further confirm the previous 
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tentative conclusion that selection for Imtnunocompetence had no 
negative effects on the productivity of the chickens. 
Fertility and hatchabllltv Significant negative correlations 
between hatchablllty and PI, between hatchablHty and a-PM and a 
positive correlation between hatchablllty and a-MG were seen when the 
sire family data from the three generations were pooled together. 
However, when dam family data of the three generations were pooled, 
only the correlation between hatchablllty and a-MG remained 
significant, which may have been caused by the small number of 
chickens per dam family (average of 4 chicks were hatched per dam). 
The Inconsistency of these correlations between generations suggests 
that more data are needed to draw any conclusions. 
Mortality Inconsistent and often non-significant 
correlations were observed between Immunocompetence measures and total 
mortality. 
In vitro immunocompetence measures 
Significant subline differences were observed In all three in 
vitro measurements of Immunocompetence. But most of the differences 
were the reflection of the differences between replicates because only 
the difference of phagocytic activity between high and low sublines 
was significant (Tables 42 to 45). Phenotypic correlations between in 
vitro measurements were generally not significant except a positive 
correlation between PFC and PHA responses (Table 46). These results 
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are very similar to the correlations observed between in vivo 
measurements. 
A significant negative correlation (P<0.01) was seen between Iq 
vitro phagocytic activity and in vivo T cell-mediated immune response 
(Table 47), which is in accordance with the observation in SI line 
(Cheng and Lamont, 1988). 
Another interesting observation^ was the presence of significant 
negative correlations between the in vitro and the in vivo T cell-
mediated immunity measurements (between WI and PHAs) (Table 47), 
although they are thought to measure the same immune function. This 
negative correlation suggests that the two assays may measure 
different parts of the cellular Immune function. The in vitro PHA 
mitogenesis assay was measuring the non-specific proliferation of T 
cells in culture, while the in vivo PHA wing web assay not only 
measured the proliferation of T cells at the injection site, but might 
also cause the infiltration of macrophages and granulocytes in the 
injection area similar to the cutaneous hypersensitivity response 
observed in in vivo PHA wattle assay (McCorkle et al.. 1980; Cotter 
and Wing, 1987). 
Prospects for application 
It is premature to conclude that this multi-trait index 
selection approach for immunocompetence to obtain general disease 
resistance is feasible. Nevertheless, the results obtained from this 
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experiment suggest that It may be possible to Improve Immunocompetence 
of chickens by the genetic selection method. 
Assuming that the selection goal can be achieved, It Is still 
necessary to test the disease resistance capability of these 
Immunocompetent chickens and to meet the challenge of utilizing the 
results from the laboratory In a commercial breeding program. The 
theory of selection Index Indicates that the more traits one puts Into 
a selection Index, the less selection Intensity one will be able to 
obtain (Lerner, 1958). Current egg production breeders already select 
for ten or more traits and would therefore be reluctant to add any 
more traits to their index. Therefore, the most plausible way of 
avoiding this problem would be to use genetic covariances between 
immunocompetence measurements and the traits already under selection 
in the selection index as follows: 
^nxn ^nxl ' ^Sxn ^ nxm^ f*nxll 
IfmxlJ ' 
Where is the matrix of the genetic covariances and a^^j is the 
weight breeders wish to put on the Immunocompetence measures. The 
index calculated from this method will have the same number of traits 
as the original index, but the immunocompetence measures of the 
chickens will be indirectly selected by this selection index. To use 
this method effectively, however, there must be sufficient genetic 
correlations between the traits under selection and immunocompetence 
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measures and a clear way to assign the weights. 
Alternatively, the breeders may select one immunocompetence 
measure In each of the grandparent lines. When three or four 
grandparent lines are crossed to produce commercial stocks, the 
Immunocompetence traits may also be complemented. The possible 
difficulty of this method Is to develop the crosses that have both the 
production traits and Immunocompetence measures that are complemented. 
In summary, we are still a long way from achieving the final 
goal of producing chickens with general disease resistance capability. 
Much research needs to be carried out in the study of the Immune 
system and in the applications of latest technology in genetics to 
animal breeding. This study has contributed to the understanding of 
the genetics of the three facets of the chickens Immune system and 
provided estimates of the genetic parameters that can be used to 
continue the experiment and can be adopted to other similar selection 
experiments. This study suggests that simultaneous selection for 
immunocompetence is possible and also necessary because of the 
relative independence of the three facets of the immune system and 
that the selection may also have beneficial effects on production 
traits of the high responder lines, which are particularly encouraging 
for practical application. 
127 
REFERENCES 
Barrett, J. T. 1983. Text book of Immunology. 4th Ed. The C. V. 
Mosby Company, St. Louis, NO. 
Bassoe, C. F., J. Solsvik, and 0. D. Laerum. 1980. Quantitation of 
single cell phagocytic capacity by flow cytometry. Flow Cytometry 
4:170-178. 
Biggs, P. M. 1982. The world of poultry disease. Avian Pathol. 
11:281-300. 
Biozzi, G., C. Stiffel, D. Mouton, Y. Bouthillier, and C. 
Oecreusefond. 1972. Cytodynamics of the immune response in two 
lines of mice genetically selected for "high" and "low" antibody 
synthesis. J. Exp. Med. 135:1071-1094. 
Biozzi, G., D. Mouton, 0. A. Sant Anna, H. C. Passons, M. Gennari, M. 
H. Reis, V. C. A. Ferreira, A. M. Neumann, Y. Bouthilier, 0. M. 
Ibanez,.C. Stiffel, and M. Siqueria. 1979. Genetics of 
immunoresponsiveness to natural antigens in the mouse. Curr. Top. 
Microbiol. Immunol. 85:31-98. 
Biozzi, G., D. Mouton, A. W. Hevmann, and Y. Bouthillier. 1982. 
Genetic regulation of immunoresponsiveness in relation to 
resistance against infectious disease. Proc. 2nd World Congress on 
Genetics Applied to Livestock Production. Madrid, Spain. Vol. 
V:150-163. 
Bjorkman, P. J., M. A. Saper, 8. Samraoui, W. S. Bennett, J. L. 
Strominger, and D. C. Wiley. 1987. The foreign antigen binding 
site and T cell recognition regions of class I histocompatibility 
antigens. Nature 329:512-518. 
Bloom, S. E., M. E. Oelaney, 0. N. Muscarella, and R. R. Dietert. 
1988. Gene expression in chickens aneuploid for the MHC-bearing 
chromosome. Warner, C. M., M. F. Rothschild, and S. J. Lamont, 
editors. The molecular biology of the major histocompatibility 
complex of domestic animal species. Iowa State Univ. Press, Ames, 
Iowa. 
Buschmann, H., H. Krausslich, H. Herrmann, J. Meyer, and A. 
Kleinschmidt. 1985. Quantitative immunological parameters in 
pigs-experiences with evaluation of an immunocompetence profile. 
Z. Tierz. Zuchtungsbiol. 102:189-199. 
128 
Chen, C.-L. H., J. E. Lehmeyer, and M. D. Cooper. 1982. Evidence for 
an IgD homologue on chicken lymphocytes. J. Immunol. 129:2580-
2585. 
Chen, C.-L. H., J. Cihak, U. Losch, and M. D. Cooper. 1988. 
Differential expression of two T cell receptors, TcRl and TcR2, on 
chicken lymphocytes. Eur. J. Immunol. 18:539-543. 
Cheng, S. and S. J. Lamont. 1988. Genetic analysis of 
immunocompetence measures in a White Leghorn chicken line. Poult. 
Sci. 67:989-995. 
Chu, Yi and R. R. Dietert. 1989. Monocyte function in chickens with 
hereditary muscular dystrophy. Poult. Sci. 68:226-232. 
Cihak, J., H. W. T. Ziegler-Heitbrock, H. Trainer, I. Schranner, M. 
Merkenschlager, and U. Losch. 1988. Characterization and 
functional properties of a novel monoclonal antibody which 
identifies a T cell receptor in chickens. Eur. J. Immunol. 18:533. 
Clare, R. A., R. G. Strout, R. L. Taylor, Jr., W. M. Collins, and 
W. E. Briies. 1985. Major histocompatibility (B) complex effects 
on acquired immunity to cecal coccidiosis. Immunogenetics 22:593-
599. 
Cole, R. K. 1968. Studies on genetic resistance to Marek's disease. 
Avian Dis. 12:9-28. 
Collins, W. M., N. P. Zervas, W. E. Urban, Jr., U. E. Briies, and P. 
A. Aeed. 1985. Response of B complex haplotypes B^^, sf*, and B^® 
to Rous Sarcomas. Poultry Sci. 64:2017-2019. 
Cooper, M. D., W. A. Cain, P. J. van Alten, and R. A. Good. 1969. 
Development and function of the immunoglobulin producing system. 
Effect of bursectomy at different stages of development on germinal 
centers, plasma cells, immunoglobulins and antibody production. 
Int. Arch. Allegy 35:242. 
Cotter, P. F. and T. Wing. 1987. Kinetics of the wattle reaction to 
human plasma. Avian Diseases 31:643-648. 
Cotter, P. F., R. L. Taylor, Jr., T. L. Wing, and W. E. Briies. 1987. 
Major histocompatibility (B) complex-associated differences in the 
delayed wattle reaction to Staphylococcal antigen. Poult. Sci. 
66:203-205. 
Crittenden, L. B. 1983. Recent advances in the genetics of disease 
resistance. Avian Pathol. 12:1-8. 
129 
Crittenden, L. B., J. S. Gavora, F. A. Gulvas, and R. S. Gowe. 1979. 
Complete endogenous RNA tumor virus production by Inbred and non-
inbred chickens. Avian Pathology 8:125-131. 
David, M. M. and P. J. Bjorkman. 1988. T-cell antigen receptor genes 
and T-cell recognition. Nature 334:395-402. 
Dunn, P. A., and H. W. Tyrer. 1981. Quantitation of neutrophil 
phagocytosis, using fluorescent latex beads. J. Lab. Clin. Med. 
98:374-381. 
Eidinger, D. and T. J. Garrett. 1972. Studies of the regulatory 
effects of sex hormones on antibody formation and stem cell 
differentiation. J. Exp. Med. 136:1098. 
Ewert, D. L., M. S. Munchus, C. L. Chen, and M. D. Cooper. 1984. 
Analysis of structural properties and cellular distribution of 
avian la antigen by using monoclonal antibody to monomorphic 
determinants. J. Immunol. 132:2524-2530. 
Falconer, D. S. 1981. Quantitative genetics. 2nd ed. Longman Inc., 
New York, NY. 
Fisher, R. A. 1936. The use of multiple measurements in toxonomic 
problems. Ann. Eugen. (London) 7:179-189. 
Flanagan, S. P. 1966. "Nude," a new hairless gene with pleiotropic 
effects in the mouse. Genet. Res. 8:295-309. 
Ford, C. E. 1966. Traffic of lymphoid cells in the body. pp. 131-
-152. G. E. Wolstenholme and R. Porter (Eds.). The Thymus. 
Experimental and Clinical Studies. Ciba Foundation Symposium. 
Churchill, London. 
Fredericksen, T. L., B. M. Langenecker, F. Pazderka, D. G. Gilmour, 
and R. F. Ruth. 1977. A T-cell antigen system of chickens: Ly-4 
and Marek's disease. Immunogenetics 5:535-552. 
Gavora, J. S., and J. L. Spenser. 1983. Breeding for Immune 
responsiveness and disease resistance. Anim. Blood Grps. Biochem. 
Genet. 14:159-180. 
Gavora, J. S., R. S. Gowe, and A. J. McAllister. 1977. Vaccination 
against Marek's disease: Efficacy of cell-associated and 
lyophilized herpesvirus of turkeys in nine strains of Leghorns. 
Poult. Sci. 56:846-853. 
Gavora, J. S., M. Simonsen, J. L. Spenser, R. W. Fairfull, and R. S. 
Gowe. 1986. Changes in the frequency of major histocompatibility 
130 
haplotypes In chickens under selection for both high egg production 
and resistance to Marek's disease. Z. Tier. Zuchtungs. 103:218-
226. 
Gllmour, D. G., A. Brand, N. Donnelly, and H. A. Stone. 1976. Bu-1 
and Th-1, two loci determining surface antigens of B or T 
lymphocytes in the chickens. Immunogenetics 3:549-563. 
Glick, B., K. Sato, and F. Cohenour. 1964. Comparison of the 
phagocytic ability of normal and bursectomized birds. RES-Journal 
of the Reticuloendothelial Society 1:442-449. 
Glick, B., T. S. Chang, and R. G. Jaap. 1956. The bursa of Fabricius 
and antibody production. Poult. Sci. 35:224-225. 
Goldstein, G. and T. Audhya. 1984. Thymopoietin and splenin: 
contrasts and similarities. Regulation of the immune system. UCLA 
Symposia on Molecular and Cellular Biology New Series 18:315-328. 
Good, R. A., R. L. Varco, J. B. Aust, and J. Zak. 1957. 
Transplantation studies in patients with agammaglobulinemia. Ann. 
N. Y. Acad. Sci. 64:882-928. 
Gowe, R. S., W. E. Lentz, and J. H. Strain. 1973. Long-term 
selection for egg production in several strains of White Leghorn: 
performance of selected and control strains including genetic 
parameters of two control strains. Fourth Europ. Poult. Conf. 
London. 
Gowe, R. S. and R. W. Fairfull. 1980. Performance of six long-term 
multi-trait selected leghorn strains and three control strains, and 
a strain cross evaluation of the selected strain, pp 141-162. in 
Proc. South Pacific Poultry Science Convention, Auckland, New 
Zeal and. 
Gross, W. G., P. B. Siege!, R. W. Hall, C. H. Domermuth, and R. T. 
OuBois. 1980. Production and persistence of antibodies In 
chickens to sheep erythrocytes. 2. resistance to Infectious 
diseases. Poult. Sci. 59:205-210. 
Grunder, A. A., T. K. Jeffers, J. L. Spencer, A. Robertson, and G. W. 
Speckamn. 1972. Resistance of strains of chickens to Marek's 
disease. Can. J. Anim. Sci. 52:1-10. 
Guillemot, F., A. Billault, 0. Pourquie, G. Behar, A. Chausse, R. 
Zoorob, G. Kreiblch, and C. Auffray. 1988. A molecular map of the 
chicken major histocompatibility complex: The class II beta genes 
are closely linked to the class I genes and the nucleolar 
organizer. The EMBO J. vol. 7 no. 9:2775-2785. 
131 
Gyles, N. R., H. Fallah-Noghaddam, L. T. Patterson, J. K. Skeeles, 
C. E. Whitflll, and L. W. Johnson. 1986. Genetic aspects of 
antibody response In chickens to different classes of antigens. 
Poultry Scl. 65:223-232. 
Hal a, K., J. Plachy, and J. Schulmannova. 1981. Role of the B-G 
region antigen In the humoral Immune response to the B-F region 
antigen of chicken MHC. Immunogenetlcs 14:393-401. 
Hala, K., G. Wick, R. L. Boyd, H. Wolf, G. Bock, and D. L. Ewert. 
1984. The B-L (la like) antigens of chicken. Lymphocyte plasma 
membrane distribution and tissue location. Dev. Comp. Immunol. 
8:673-682. 
Hamilton, R. M., B. K. Thompson, and P. W. Volsey. 1979. The effect 
of age and strain on the relationship between destructive and non­
destructive measurements of eggshell strength for White Leghorn 
hens. Poult. Scl. 58:1125-1132. 
Hasul, M., Y. Hirabayashi, and Y. Kobayashl. 1989. Simultaneous 
measurement by flow cytometry of phagocytosis and hydrogen peroxide 
production of neutrophils In whole blood. J. Immunol. Methods 
117:53-58. 
Hazel, L. N. 1943. The genetic basis for constructing selection 
Indexes. Genetics 28:476-490. 
Hazel, L. N. and J. L. Lush. 1942. The efficiency of three methods 
of selection. J. Hered. 33:393-399. 
Houssaint, E., M. Belo, and N. M. Le Douarin. 1976. Investigations 
on cell lineage and tissue Interactions in the developing bursa of 
Fabricius through interspecific chimaeras. Dev. Biol. 53:250. 
Ibanez, 0. M., D. Mouton, S. L. Oliveira, 0. G. Ribeiro Flhlo, R. M. 
Platti, 0. A. Sant'Anna, S. Massa, G. Blozzi, and M. Siqueira. 
1988. Polygenic control of quantitative antibody responsiveness: 
restriction of the multlspeclfic effect related to the selection 
antigen. Immunogenetlcs 28:6-12. 
Jerne, N. K. and A. A. Nordin. 1963. Plaque formation in agar by 
single antibody-producing cells. Science 140:405. 
Klein, Jan. 1982. Immunology: the science of self-nonself 
discrimination. John Wiley & Sons, Inc., New York. 
Knudtson, K. L. and S. J. Lamont. 1989. Association of genetics and 
sampling time with levels of Interleuk1n-2 activity. Vet. Immunol. 
Immunopathol. 22:333-343. 
132 
Kodama, H., T. Mikaml, M. Inoue, and H. Izawa. 1979. Inhibitory 
effects of macrophage against Marek's disease virus plaque 
formation In chicken kidney cell cultures. J. Natl. Cancer Inst. 
63:1267-1271. 
Kroner, G., K. Schauenstein, and G. Wick. 1984. Avian lymphoklnes: a 
Improved method for chicken IL-2 production and assay. A Con-A-
erythrocyte complex Induces higher T cell proliferation and IL-2 
production than does free mitogen. J. Immunol. Methods 73:273-281. 
Lamont, S. J. 1986. Genetic associations of reticuloendothelial 
activity In chickens. Proc. 3rd World Congress on Genet. Applied 
to Livestock Production. Vol. XI:643-647. Agricultural 
Communications, University of Nebraska, Lincoln, NE. 
Lamont, S. J., and J. R. Smyth, Jr. 1984. Effect of selection for 
delayed amelanosis on immune response in chickens. 2. Cell-
mediated immunity. Poult. Sci. 63:440-442. 
Lamont, S. J., C. Bolin, and N. Cheville. 1987. Genetic resistance 
to fowl cholera is linked to the major histocompatibility complex. 
Immunogenetics 25:284-289. 
Lerner, I. M. 1958. The genetic basis of selection. John Wiley & 
Sons, Inc., New York. 
Longenecker, B. M. and T. R. Mosmann. 1981. Nomenclature for chicken 
MHC (B) antigen defined by (monoclonal) antibodies. Immunogenetics 
13:25-28. 
McCubbin, D. L. and L. W. Schierman. 1986. MHC-restricted cytotoxic 
response of chicken T cells: Expression, augmentation, and clonal 
characterization. J. Immunol. 136:12-16. 
McCorkle, F. M. and B. Glick. 1980. The effect of aging on immune 
competence in the chicken: antibody-mediated immunity. Poult. Sci. 
59:669-672 
McCorkle, F. M., R. Stinson, and B. Glick. 1979. A biphasic graft 
vs. host response in aging chickens. Cell. Immunol. 46:208-212. 
McCorkle, F. M., I. Olah, and B. Glick. 1980. The morphology of the 
phytohemagglutinin-Induced cell response in the chicken's wattle. 
Poult. Sci. 59:616-623. 
Marrack, P. and J. Kappler. 1987. The T cell receptor. Science 
238:1073-1079. 
Moore, M. A. S. and J. J. T. Owen. 1965. Chromosome marker studies 
133 
on the development of the hemopoietic system In the chick embryo. 
Nature 208:989-990. 
Moore, M. A. S. and J. J. T. Owen. 1967. Chromosome marker studies 
In the Irrldlated chicken embryo. Nature 215:1081. 
Mosmann, T. 1983. Rapid colorlmetric assay for cellular growth and 
survival: application to proliferation and cytotoxicity assay. J. 
Immunol. Methods 65:55-63. 
Mouton, D., M. Slqueira, 0. A. Sant'Anna, Y. Bouthllller, 0. Ibanez, 
V. C. A. Ferreira, J.-C. Mevel, M. H. Rels, R. M. Platti, C. 
Stiffel, and G. Blozzl. 1988. Genetic regulation of multlspeclfic 
antibody responsiveness: Improvement of "high" and "low" 
characters. Eur. J. Immunol. 18:41-49. 
Nordskog, A. W. and S. Cheng. 1988. Inbreeding effects on fertility 
and hatchablllty associated with formation of sublines. Poult. 
Sci. 67:859-864. 
Nordskog, A. W., W. A. Rishell, and 0. M. Briggs. 1973. Influence of 
B locus blood groups on adult mortality and egg production in the 
White Leghorn chickens. Genetics 75:181-189. 
Owen, J. J. T. and M. A. Ritter. 1969. Tissue Interaction in the 
development of thymus lymphocytes. J. Exp. Ned. 129:431-437. 
Pantelouris, E. M. 1968. Absence of thymus in a mouse mutant. 
Nature 217:370-371. 
Pevzner, I. Y., C. L. Trowbridge, and A. W. Nordskog. 1978. 
Recombination between genes coding for Immune response and the 
serologically determined antigens in the chicken B system. 
Immunogenetics 7:25-33. 
Pevzner, I. Y., H. A. Stone, and A. W. Nordskog 1981. Immune 
response disease resistance in chickens. 1. Selection for high and 
low titer to Salmonella oullorum antigen. Poultry Sci. 60:920-925. 
Pitcovski, J., E. D. Heller, A. Cahaner, B. A. Pelleg, and N. Drabkin. 
1987. Immunological traits of chicks selected for early and late 
immune response to L. coll and Newcastle disease virus, pp. 295-
305. Avian Immunology. Alan R. Liss, Inc. New York. 
Porter, H. M. 1957. The demonstration of delayed-type reactivity in 
congenital agammaglobulinemia. Ann. N. Y. Acad. Sci. 64:932-936. 
Powell, P. C., K. J. Hartley, B. M. Mustill, and M. Rennie. 1983. 
Studies on role of macrophage in Marek's disease of the chicken. 
134 
RES 34:289-297. 
Rodda, D. D., G. W. Friars, J. S. Gavora, and E. S. Merrltt. 1977. 
Genetic parameter estimates and strain comparisons of egg 
compositional traits. Br. Poult. Scl. 18:459-473. 
Rosenthal, A. S. and E. M. Shevach. 1973. Function of macrophage 
In antigen recognition by guinea pig T lymphocytes. I. Requirement 
for histocompatlble macrophage and lymphocytes. J. Exp. Ned. 
138:1194-1212. 
Sabet, T., W. Hsia, N. Stanlsz, A. El-Oomelrl, and P. Van Alten. 
1977. A simple method for obtaining peritoneal macrophage from 
chickens. J. Immunol. Methods 14:103-110. 
SAS Institute Inc. SAS user's guide: Statistics, Version 5 edition. 
Gary, NC: SAS Institute Inc., 1985. 
Schlerman, L. W. and W. M. Collins. 1987. Influence of the major 
histocompatibility complex on tumor regression and Immunity In 
chickens. Poult. Scl. 66:812-818. 
Schlerman, L. W. and A. W. Nordskog. 1961. Relationship of 
erythrocyte to leukocyte antigens In chickens. Science 
137:1008-1009. 
Sibbald, I. R. 1979. The gross energy of avian eggs. Poult. Scl. 
58:404-409. 
Siege!, P. B., and W. B. Gross. 1980. Production and persistence 
of antibodies in chickens to sheep erythrocytes. 1. Directional 
selection. Poult. Scl. 59:1-5. 
Smith, H. F. 1936. A discriminant function for plant selection. 
Ann. Eugen. (London) 7:240-250. 
Sowder, J. T., C.-L. H. Chen, L. L Ager, M. M. Chan, and M. 0. Cooper. 
1988. A large subpopulation of avian T cells express a homolog of 
the mammalian T -y/ô receptor. J. Exp. Med. 167:315-322. 
Spencer, J. L., J. S. Gavora, and R. S. Gowe. 1979. Effect of 
selection for high egg production in chickens on shedding of 
lymphoid leukosis virus and gs antigen into eggs. Poult. Scl. 
58:279-284. 
Steadham, E. M., S. J. Lamont, I. Kujdych, and A. W. Nordskog. 1987. 
Association of Marek's disease with Ea-B and immune response genes 
In subline and Fg population of the Iowa State SI Leghorn line. 
Poultry Scl. 66:571-575. 
135 
Steel, R. G. D., and J. H. Torrle. 1980. Principles and procedures 
of statistics. 2nd ed. McGraw-Hill, Inc., USA. 
Sthoeger, Z. N., N. Chlorazzi, and R. G. Lahlta. 1988. Regulation of 
the immune response by sex hormones. I. Iq vitro effects of 
estradial and testosterone on pokeweed mitogen-Induced human B cell 
differentiation. J. Immunol. 141:91-98. 
Taylor, R. L., Jr., P. F. Cotter, T. L. Wing, and W. E. Briles. 1987. 
Major histocompatibility (B) complex and sex effects on the 
phytohemagglutinin wattle response. Poult. Scl. 66 (Suppl. 
1):184 (Abstract). 
Toivanen, P. and A. Toivanen. 1973. Bursal and postbursal stem cells 
in chicken. Functional characteristics. Eur. J. Immunol. 3:585. 
Toivanen, A., P. Toivanen, J. Eskola, and 0. Lassila. 1981. Ontogeny 
of the chicken lymphoid system. M. E. Rose, L. N. Payne, and B. M. 
Freeman Eds. In Avian Immunology. British Poultry Scl. Ltd., 
Edinburgh. 
Urquhart, M. W. and S. J. Lament. 1989. T-cell dependency of the 
chicken's primary humoral immune response to Pasteurella multocida 
and Hycoplasma gallisepticum vaccine antigens. Poult. Sci. 68 
(Suppl. 1):150. 
Vainio, 0., R. Peck, C. Koch, and A. Toivanen. 1983. Origin of 
peripheral blood macrophage in bursa cell-reconstituted chickens: 
further evidence for MHC-restricted interactions between T and B 
lymphocytes. Scand. J. Immunol. 17:193-199. 
van der Zijpp, A. J. 1983. The effect of genetic origin, source 
of antigen, and dose of antigen on the immune response of 
cockerels. Poult. Sci. 62:205-211. 
van der Zijpp, A. J., and F. R. Leenstra. 1980. Genetic analysis of 
the humoral immune response of White Leghorn chicks. Poult. Sci. 
59:1363-1369. 
van der Zijpp, A. J., J. N. Rooijakkers, and B. Kouwenhoven 1982. 
The immune response of chick following viral vaccinations and 
immunization with sheep red blood cells. Avian Ois. 26:97-106. 
van der Zijpp, A. J., K. Frankena, J. Boneschanscher, and M. G. B. 
Nieuwiand. 1983. Genetic analysis of primary and secondary 
immune response in chickens. Poult. Sci. 62:565-572. 
Waltman, S. R., R. M. Burde, and J. Berricos. 1971. Prevention of 
136 
Corneal homograft rejection by estrogen. Transplantation 11:194. 
Webster's ninth new collegiate dictionary. 1987. F. C. Mish, Ed. In 
chief. Merrlam-Webster Inc., Springfield, MA. 
Weill, J.-C. and C. Reynaud. 1987. The chicken B cell compartment. 
Science 238:1094-1098. 
Young, S. S. Y. 1961. A further examination of the relative 
efficiency of three methods of selection for genetic gains under 
less retrlcted conditions. Genetic Res. 2:106-121. 
137 
ACKNOWLEDGEMENTS 
I wishes to express sincere appreciation to Dr. Susan J. Lamont 
for her guidance to complete this study. The appreciations are also 
extended to Dr. A. W. Nordskog and Dr. M. F. Rothschild for their 
review of the manuscript and suggestions In data analyses. 
Many thanks are due also to the Iowa State University Poultry 
Science Research Center staff and to fellow graduate students who 
assisted with data collections. 
Finally, I want to thank my family, especially my wife Peiyi, 
for their love, encouragement, and support. 
